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SUMMARY 
 
 
This dissertation consists of three main parts. The first part is to discuss aileron 
reversal problem for a typical section with linear aerodynamic and structural analysis. 
The result gives some insight and ideas for this aeroelastic problem. Although the aileron 
in its post-reversal state will work the opposite of its design, this type of phenomenon as 
a design root should not be ruled out on these grounds alone, as current active flight-
control systems can compensate for this. Moreover, one can get considerably more 
(negative) lift for positive flap angle in this unusual regime than positive lift for positive 
flap angle in the more conventional setting. This may have important implications for 
development of highly maneuverable aircraft. 
The second part is to involve the nonlinear aerodynamic and structural analyses into 
the aileron reversal problem. Two models, a uniform cantilevered lifting surface and a 
rolling aircraft with rectangular wings, are investigated here. Both models have trailing-
edge control surfaces attached to the main wings. A configuration that reverses at a 
relatively low dynamic pressure and flies with the enhanced controls at a higher level of 
effectiveness is demonstrated. To evaluate how reliable for the data from XFOIL, the 
data for the wing-aileron system from advanced CFD codes and experiment are used to 
compare with that from XFOIL. 
To enhance rolling maneuverability for an aircraft, the third part is to search for the 
optimal configuration during the post-reversal regime from a design point of view. 
Aspect ratio, hinge location, airfoil dimension, inner structure of wing section, composite 
skin, aeroelastic tailoring, and airfoil selection are investigated for cantilevered wing and 
rolling aircraft models, respectively. Based on these parametric structural designs as well 
 xxiii 
as the aerodynamic characteristics of different airfoils, recommendations are given to 
expand AAW flight program.  
 1 
CHAPTER I 
 
INTRODUCTION 
 
 
1.1 Motivation 
The concept of using the post-reversal regime to enhance the roll performance of 
wings operating at high dynamic pressure is proposed. The notion of getting higher lift 
from a reversed control surface is not new. In the helicopter industry, there is one 
category of main rotor pitch control called “active servo flaps,” where auxiliary airfoil 
sections located after of the trailing edge of the main blades as adopted by Kaman [65, 
114]. The Kaman servo-flap rotor is designed to operate in the post-reversal regime in 
order to greatly increase the effectiveness of the trailing-edge flap. Of course, for the 
helicopter application there is no problem with having to control the blade at the point of 
reversal since that occurs at a lower rotor angular speed when the aircraft is still on the 
ground. At the University of Maryland, much work has been devoted to the development 
of smart trailing-edge flaps to improve rotor performance [15, 59, 60, 63, 113]. Also, 
many researchers have employed active-control and smart-material concepts to 
investigate aeroelastic problems for rotors with trailing-edge flaps in the early 2000’s [41, 
107, 108]. 
The only fixed-wing application known to date is the Active Aeroelastic Wing (AAW) 
program, which indeed intended to address this design concept. The idea of AAW 
technology initially came from Rockwell International Corporation’s concept named the 
Active Flexible Wing (AFW). In the early 1980's, multi-point tactical fighter aircraft 
designs were being developed by design teams for Advanced Tactical Fighter (ATF) 
 2 
program proposals. During this period, the Active Flexible Wing concept was originated 
to solve the aeroelastic control reversal problem inherent at several design points 
including the subsonic, transonic, and supersonic regimes [87, 116, 117]. Rockwell 
conducted a conceptual design study which applied the concept of AFW to an ATF class, 
supersonic cruise fighter. The concept exploited wing flexibility to provide weight 
savings and improved aerodynamic performance. Weight savings were realized via a 
flexible wing and no horizontal tail. In an AFW wing design, large amounts of aeroelastic 
twist provide improved maneuver aerodynamics at several design points. However, 
degraded roll performance (in the form of aileron reversal) over a significant portion of 
the flight envelope is a direct result of large amounts of twist in the wing. In a typical 
aircraft design, a differential horizontal tail control would be added to provide acceptable 
roll performance. Instead of this, in an AFW design, multiple leading- and trailing-edge 
wing control surfaces are used in various combinations [3], up to and beyond reversal, to 
provide enhanced roll performance. Although AAW/AFW Technology has been 
demonstrated through analysis and wind tunnel modeling in the early 1990's, an 
application of the technology in full scale flight utilizing a current high performance jet 
fighter is required to mature the basic technology and provide aircraft designers with the 
confidence to use the technology in future designs. Full scale flight is required to achieve 
the necessary values of Reynolds numbers, high angles of attack, and high G 
maneuvering effects. Full-scale flight is also required to demonstrate the effectiveness of 
AAW Technology to the flight vehicle users. 
During 1995, a flight research initiative was established to flight test some of the 
fundamental aspects of AAW Technology [86]. With this initiative, the process had 
begun to define detailed requirements, available flight approaches, and suitable flight 
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vehicles to host AAW research. Since the goal of this program was to generate full scale 
flight data that demonstrates and measures the physics of AAW in a low cost, effective 
manner, the aircraft candidates which appear to have the best cost/benefit combination in 
terms of modification, operation, and potential for research data were the current military 
light weight fighter aircraft. The F-16 and the F/A-18 were chosen as host aircraft for 
AAW technology, as both of them have supersonic capability and wing planforms and 
control surfaces which appear amenable to a modification to permit an AAW flight 
experiment. In the late 1990's, AAW modification design studies had been conducted to 
identify potential modifications to both the F/A-18 and the F-16 that make each of these 
aircraft suitable as AAW research testbeds. The major one of the candidate aircraft 
testbeds is F/A-18, and its wing has an aspect ratio of 4.0. The aileron’s horizontal hinge 
for F/A-18 is located at 75% chord, and the main wing has 13.25-foot chord at the wing 
root and 5.51-foot chord at the wing tip. 
The above studies also identified the AAW characteristics that could be flight tested 
using these aircraft and the costs of aircraft modification, flight planning and testing. 
However, it was unable to achieve its objective because the wing stalled before it would 
actually reverse. Another mitigating factor was that it relied on a retrofit to an existing 
aircraft rather than an optimized design from scratch. Also, it should be noted that there 
were leading-edge control devices to make certain the wing was never without the means 
to be controlled while reversal occurred.  
The main shortcoming of AAW flight research program can be overcome by 
abandoning the linear analysis methodology. Instead, a program is proposed to 
investigate post-reversal behavior of high-aspect-ratio wings with geometrically-exact 
structural nonlinearities [37, 80, 82, 83, 84] and an appropriate level of aerodynamic 
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nonlinearities [30, 58, 104]. This should go a long way toward definitively answering the 
question of whether or not the objective of improving roll performance can be achieved. 
The starting point would be the simplest case: a high-aspect-ratio cantilevered wing 
modeled with geometrically-exact composite beam theory (Hodges 2006) [46] and a 
static stall model for the aerodynamics [72, 95]. To fully describe the aerodynamic 
characteristics of an airfoil, both pre-stall and post-stall regime need to be considered [75, 
88]. In addition, the approaches need to be incorporated with the stall model for the wing 
with trailing-edge control surfaces [26, 27]. If there is a configuration that reverses at a 
relatively low dynamic pressure and flies with the enhanced (though backward) controls 
at a higher level of effectiveness than can be achieved in with the conventional sign of 
controls, the attention will be turned to (a) beefing up the aerodynamic model, say 
building up a full range of look-up table by using a panel method code (XFOIL); and (b) 
studying the optimal design by varying some specific structural parameters to improve 
the effectiveness. The nonlinearities are important [9, 29, 76, 81] because stall was 
recorded as having taken place. To achieve angles of attack sufficiently large to have stall, 
large deflections need also to be included. 
 
 
1.2 Reviews of Previous Work 
Rolling maneuvers for aircraft are conventionally performed by deflecting the 
trailing-edge control surfaces of the wings antisymmetrically, which means increasing 
lift on one wing while decreasing lift on the other. This is an effective technique for the 
generation of rolling moment for an aircraft operating in a low dynamic pressure 
environment where the wings are essentially “rigid”. However, during the rolling 
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maneuver at high dynamic pressure where the deformation of the wing is significant, the 
flap angle, β, by deflecting control surface on a flexible wing changes the effective 
camber which induces a nose-down pitching moment, that twists the wing nose down 
and tends to decrease lift and in turn reduce the roll rate of the aircraft. As dynamic 
pressure increases, a point is reached where roll reversal occurs.  
   One way to improve the roll performance of the aircraft is to maximize the aileron 
reversal dynamic pressure. This corresponds to maximize the speed at which the aileron 
ceases to provide additional lift. Gomes and Suleman [42] tried to maximize the aileron 
reversal speed of a wing torsion box by reinforcing its upper skin. Chen et al. [24] 
optimized the roll rate by replacing the existing wing spars with an adaptive-structure. 
Rather than the traditional stiffening of wings to avoid encountering the roll reversal 
dynamic pressure, wing flexibility was used as an asset rather than an impediment to be 
overcome. Khot, Eastep, Kolonay [52, 53], and Appa [51] examined the technique for 
augmenting the aileron to increase the roll rate of a high performance aircraft at high 
dynamic pressures for enhancement of the rolling maneuver. The flexible wing was re-
twisted and re-cambered to counteract the detrimental twisting moment produced by the 
aileron rotation to achieve recovery of rolling moment lost by the detrimental twisting in 
a high dynamic pressure environment. A method for prescribing the antisymmetric wing 
twists and camber distribution by reversing the twist and camber resulting from the use 
of aileron only was described. Rather than using an aileron system to achieve an 
aerodynamic rolling moment, Khot et al. [50, 54, 55, 56] used elastic wing twist and 
camber to achieve a specified roll rate at all dynamic pressures. The elastic twist and 
camber is achieved by providing a system of actuating elements distributed within the 
internal substructure of the wing to provide control forces. The modal approach was used 
 6 
to develop equilibrium equations for the steady roll maneuver of a wing subjected to 
aerodynamic loads and actuating forces. 
One of the main elements of the flexible wing concept is rolling moment control 
achieved by the elastic wing twist and camber. This has been investigated previously 
with an internal actuation scheme [7, 8, 44, 61, 103], multiple external aerodynamic 
control surfaces [73, 74], and strain actuated adaptive wings [14, 43, 62]. The internal 
actuation scheme of the mission adaptive wing did achieve aerodynamic benefits through 
contoured control surface deformation, but the complexity and weight penalty of the 
actuation system rendered the design impractical. The active flexible wing technique 
using multiple control surfaces does achieve the proper elastic wing twist for the required 
rolling moment and results in a decrease of structural weight by relaxing wing stiffness 
requirements, but the potential for an aerodynamic penalty exists. Recent developments 
in smart materials for controlling aircraft structural deformation make it possible to 
achieve the proper elastic wing twist for control of roll, but large actuation strains are 
required for aeroelastic control of realistic wings. 
The use of multiple control surfaces to affect roll trim of aircraft was investigated by 
Andersen, Forster, Kolonay, and Eastep [3]. Their work gave deeper insights into the 
favorable synergy that can be created by a combination of leading- and trailing-edge 
controls. They noted that the unfavorable aeroelastic twist that can lead to trailing-edge 
control surface reversal can be offset by a leading-edge control surface. In their work, the 
finite element method was used to calculate structural deformation caused by steady 
aerodynamic input forces, which were generated by a linear panel method. Values of 
control surface effectiveness, calculated from the flexible rolling moment stability 
derivatives, were used to determine which control surfaces are most effective in 
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achieving a desired roll maneuver. The roll trim equation of motion was solved for 
multiple control surface deflections using an iterative technique that minimizes the 
control effort to achieve a specified roll rate. The results showed that utilization of 
leading-edge control surfaces can be effectively employed to affect aircraft trim across a 
wide range of dynamic pressures. Roll trim can be achieved using multiple control 
surfaces with smaller deflections than those needed with only a single surface. Work then 
followed by Dowell, Bliss, and Clark [28], was illustrated the concept of the favorable 
effect of a leading-edge control surface by an appropriate choice of the ratio of leading- 
to trailing-edge control surface rotations. This work was based on two simple models, an 
airfoil and a flexible wing of a rolling aircraft. Furthermore, Tang, Li, and Dowell [110, 
111] built up an experimental rolling wing-fuselage model for wing tunnel test to assess 
the above theoretical results. 
The concept of using the post-reversal regime to enhance the roll performance of 
wings operating at high dynamic pressure had been assessed in the Active Aeroelastic 
Wing program. AAW was intended to take use of wing flexibility to enhance the rolling 
maneuverability of aircrafts, but parts of the analyses are limited to be linear. Active 
Aeroelastic Wing Technology is a multidisciplinary, synergistic technology that 
integrates air vehicle aerodynamics, active control, and structures advanced technology 
together to maximize air vehicle performance. The technology uses wing aeroelastic 
flexibility for a net benefit and takes advantage of high aspect ratio, thin, swept fighter 
wings that are aeroelastically deformed into shapes for optimum performance. Many 
designers contributed to the applications of AAW technology. Mavris, Flick, and Love 
[70] incorporated multidisciplinary design optimization and response surface methods to 
characterize wing weight as a function of wing geometry. Zink et al. [119, 120] 
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demonstrated a process by which some of the benefits associated with AAW technology 
can be quantified over the wing geometry design space, so that future conceptual 
designers may make the best use of this technology. Boehm et al. [18] conducted a series 
of analyses to determine the effect of deflections of individual control surfaces on rolling 
moment, hinge moments, aeroelastic twist distribution, and shear, bending, and torsion 
load distribution for each of the anticipated flight research conditions. Their results are 
part of a complete set of linear aeroelastic response predictions of the AAW flight 
research vehicle. This effort had helped to identify specific cases to be studied with 
higher fidelity analysis methods, and the data is being used to help guide the wind tunnel 
and flight test portions of the AAW program. Ultimately, the correlated data from 
analyses, wind tunnel tests, and flight tests will serve as a reference for designers in 
future applications of AAW. In addition, recent work by Yurkovich [118] showed that 
aileron reversal and control surface effectiveness can be affected by suitably determining 
the size and location of the wing control surfaces. His study demonstrated the analytical 
process that was used to integrate AAW technology into a variable area, co-planar wing, 
morphing aircraft. However, the AAW flight research program was unable to achieve its 
objective because the wing stalled before it would actually reverse [45, 85, 107, 112]. 
Research between 1995 and 2005 on the Active Aeroelastic Wing by the Air Force and 
NASA has reported difficulties achieving reversal for the configuration under 
consideration. Flow separation brought on by high effective camber is evidently a factor. 
Another mitigating factor was that it relied on a retrofit to an existing aircraft rather than 
the detail analyses and the optimized design from scratch. Also, it should be noted that 
there were leading-edge control devices to make certain the wing was never without the 
means to be controlled. Finally, there is no published work discussing this issue with 
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aerodynamic and structural nonlinearities. 
 
 
1.3 Objective 
The main idea for this research comes from AAW flight program. This Program tried 
to design the aircraft to operate during post-reversal regime. Although the aileron will 
now work the opposite of the usual way at most of the operational speeds of the aircraft, 
this type of design can make the aircraft get considerably more (negative) lift for positive 
flap angle in this unusual regime than positive lift for positive flap angle in the more 
conventional setting. This may have important implications for development of highly 
maneuverable aircraft. Unfortunately, it was unable to achieve its objective because the 
wing stalled before it would actually reverse for some conditions. The primary objective 
of the present work is to demonstrate that a configuration that reverses at a relatively low 
dynamic pressure and flies with the enhanced controls at a higher level of effectiveness 
than can be achieved with the conventional sign of controls does indeed exist. The 
second objective is to search for a configuration in the post-reversal regime that enhances 
roll maneuverability from design point of view. Although the models here is not 
approaching the completeness for AAW flight program, the conclusions should be able to 
shed some light on the AAW flight program based on a systematic investigation of the 
relevant variables. 
 
 
1.4 Present Approach 
   First of all, an introduction to aileron reversal for a typical section with linear 
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aerodynamic and structural analysis is given in Chapter 2. The result gives some insight 
and ideas for this aeroelastic problem. The next step is to involve the nonlinear 
aerodynamic and structural analyses into the aileron reversal problem. Chapter 3 
introduces the tools used for the nonlinear analyses herein. Then in Chapter 4, two 
models, lifting surface and rolling aircraft, are investigated through DYMORE, which is 
a finite element based tool for analysis of nonlinear flexible multibody systems. After 
identifying a configuration that reverses at a relatively low dynamic pressure and flies 
with the enhanced controls at a higher level of effectiveness than can be achieved with 
the conventional sign of controls, more advanced aerodynamic models are used to 
investigate it. Next, Chapter 5 compared and verified the results between different 
aerodynamic models for some specific cases to make certain the models and results are 
reliable. To enhance rolling maneuverability for an aircraft, the last and most important 
step is to search for the better configuration during the post-reversal regime from design 
point of view. Some parametric designs are taken in Chapter 6, that include aspect ratio, 
hinge locations, airfoil dimension, wing section inner design, composite skin, aeroelactic 
tailoring, and airfoil selection. The aileron effectiveness is defined as how much rolling 
moment can be generated for the cantilevered wing model and how much roll rate can be 
generated for the rolling aircraft model, respectively. Comparisons are made between 
these design parameters to discuss the possibilities of enhancing rolling maneuverability 
for an aircraft. 
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CHAPTER II 
 
LINEAR ANALYSIS FOR AILERON REVERSAL 
 
 
2.1 System Model 
   Usually people address roll performance in terms of aileron reversal. Therefore, the 
problem of aileron reversal for the wind-tunnel type models is considered in [47]. Most 
of equations and figures here are taken from Ref. [47] with permission. An airfoil 
equipped with an aileron can get additional lift from deflecting the aileron downwards. 
However, the flow on the aileron also generates a moment that tends to pitch the airfoil 
nose down. If the support allows this nose-down pitch, then lift is reduced. For this 
reason the torsional flexibility of an elastic wing causes a similar reduction in lift. At 
high speeds, the former effect, a positive and purely aerodynamic lift, may be 
overpowered by the latter, a negative and aeroelastic lift. This loss of aileron 
effectiveness is a consequence of the elastic properties of the wing and is dependent on 
the flight condition. The primary danger posed by the loss of control effectiveness is that 
the pilot cannot control the aircraft in the usual way. There are additional concerns for 
aircraft, the missions of which depend on their being highly maneuverable. For example, 
when control effectiveness is lost, the pilot of a fighter aircraft may not be able to count 
on the aircraft’s ability to avoid destruction by a missile. The phenomenon about the loss 
of control effectiveness and eventual reversal is discussed. 
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Figure 2.1: Two-dimensional typical section with aileron in a wind tunnel 
quoted from Ref. [47] 
 
To this end, consider the typical airfoil section with a trailing-edge flap, shown in 
Figure 2.1. The wing is pivoted and restrained by a rotational spring with spring constant 
k, and the aileron deflection angle β can be arbitrarily set by the flight control system. 
The chord of this section is denoted by c, and e represents the distance between the 
aerodynamic center and the pivot. With the freestream velocity, U, suppose the model has 
angle of attack, α, aerodynamic lift, L, at the aerodynamic center and moment, Mac, about 
the aerodynamic center. Now one may write equations of equilibrium for the system. 
 
 
2.2 Theoretical Derivation 
Suppose the pivot is the locus of the center of gravity, then gravity can be neglected 
to illustrate this phenomenon, and the weight is not shown in the figure. Moment 
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equilibrium for this system about the pivot requires that 
keLM ac                                (1) 
If the support is rigid, the angle of attack will be αr, which is referred to as the rigid 
angle of attack and is positive nose-up. The elastic pitch angle is denoted by θ, which is 
also positive nose-up. Thus, the total angle of attack is 
  r                                 (2) 
The lift and pitching moment for a two-dimensional wing can be written as 
acmac
l
cScqM
ScqL
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


                            (3) 
which S is the planform area. For a given flap angle (β ≠ 0), the effective camber of the 
airfoil changes, and both lift and pitching moment change in turn. For a linear theory, 
both α and β should be small angles, so that 

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mmm
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0
                          (4) 
Assume a symmetric airfoil, so that 0
0
mc ; mc < 0 because of the nose-down pitching 
moment due to positive flap angles (deflecting downwards). 
   Substituting Eqns. (3) into Eqn. (1) and making use of Eqns. (2) and (4), θ will be 
  




l
mlrl
eqSck
ccececqS



                   (5) 
Because of the support flexibility in pitch (represented here by the rotational spring), θ is 
a function of β. Substituting Eqn. (5) back into Eqns. (3) and (4), one obtains an 
expression for the aeroelastic lift 
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The lift is a function of β in two counteracting ways from the two terms in the coefficient 
of β. Ignoring the effect of the denominator for the time being, the first term in the 
numerator that multiplies β is purely aerodynamic and leads to an increase in lift with β, 
because of a change in the effective camber. The second term is aeroelastic. Because of 
m
c < 0, as β is increased, the effective change in the camber also induces a nose-down 
pitching moment that, due to the flexibility of the support, tends to decrease θ. 
Consequently, the net lift generation is decreased. At low speed, the purely aerodynamic 
increase in lift is larger than the aeroelastic decrease in lift, so that the lift indeed 
increases with β. However, as dynamic pressure increases, the aeroelastic effect becomes 
stronger; and there is a point at which the net rate of change of lift with respect to β 
vanishes so that 
0



L
                              (7) 
Thus, the dynamic pressure at which the reversal occurs is 


ml
l
R ccSc
kc
q                             (8) 
Obviously, a stiffer k gives a higher reversal speed, and a torsionally rigid wing will not 
undergo reversal. For dynamic pressures above Rq  (but still below the divergence 
dynamic pressure), a positive flap angle will actually decrease the lift. 
Note that the dynamic pressure at which divergence occurs can be found by setting 
the denominator of Eqn. (6) equal to zero, which yields 
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A positive β could increase the lift, decrease the lift, or not change the lift at all, 
depending on the flight condition. The aileron lift effectiveness, η, can be thought of as 
the aeroelastic change in lift per unit change in β divided by the change in lift per unit 
change in β that would result are the airfoil not allowed to pitch; that is, 
rigid
elastic
L
L
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                            (10) 
 
Using the above, the aileron lift effectiveness is 
D
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q
q
q
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1
1
                             (11) 
which implies that the airfoil will remain divergence-free, and control effectiveness will 
not be lost as long as q < Dq ≤ Rq . Obviously, if the support are rigid, both Dq  and Rq  
become infinite and 1 . The model’s physical and geometric features have clear 
implications for elastic wings. 
Thinking unconventionally for the moment, supposing that Rq << Dq , this will result 
in aileron reversal at a low speed. Although the aileron will disobey the usual way at 
most of the operational speeds of the aircraft, this type of design should not be ruled out 
on these grounds alone. Active flight-control systems can certainly compensate for this. 
Moreover, one can get considerably more lift for negative β during post-reversal regime 
than positive lift for positive β in the more conventional setting. This may have important 
implications for development of highly maneuverable aircraft. 
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2.3 Chapter Summary 
Chapter 2 of this dissertation is an introduction to the aileron reversal problem. Up to 
now, the aeroelastic analyses have focused on rigid wings with a flexible support. These 
idealized configurations do give some insight into the aeroelastic stability and response, 
but practical analyses must take flexibility of the lifting surface into account. That being 
the case, Chapter 4 will address flexible wings, albeit with simplified structural 
representation. Two cases will be investigated: a uniform cantilevered lifting surface and 
a rolling aircraft with uniform wings, respectively. But before that, Chapter 3 details the 
proposed nonlinear approaches and tools for the aileron reversal problem. To more 
accurately predict reversal phenomenon and aeroelastic instability, both structural and 
aerodynamic nonlinearities are involved into the analyses. 
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CHAPTER III 
 
TOOLS FOR NONLINEAR ANALYSES 
 
 
3.1 VABS 
VABS is a tool based on the variational asymptotic beam sectional analysis that is 
developed using a generalized Vlasov theory for composite beams with arbitrary 
geometric and material sectional properties. Hodges [46] initiated the idea to use the 
variational asymptotic method to perform the cross-sectional analysis for a general 
composite beam. This tool rigorously splits the geometrically-nonlinear, three-
dimensional elasticity problem into a linear, two-dimensional, cross-sectional analysis 
and a nonlinear, one-dimensional, beam analysis. The developed theory is implemented 
into VABS, a general-purpose, finite-element based beam cross-sectional analysis code. 
The geometry of NACA 0009 airfoil is first built up in ANSYS, and then the section can 
be meshed through VABS-ANSYS macros. Note that the mesh size can be controlled 
either explicitly, by providing desired line divisions, or by changing the global size of 
mesh in the “vabsinp.mac” macro. Here 3-noded triangular elements are used to compose 
the mesh. With the meshed geometry, VABS is then used to generate the beam properties 
for such kind of wing section to be used in DYMORE. Furthermore, with the stress 
resultants and the moment resultants, VABS can calculate the nodal solutions for the 
stress model. The capability to recover 3-D stresses is used to check if the structures can 
sustain the resulting airloads during post-reversal regime, especially for the wing root. 
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3.2 Nonlinear Aerodynamics 
3.2.1 Experimental Data 
In the aerospace industry, wind-tunnel investigations of wing characteristics are made 
before airplanes are successfully flown and still constitute an important phase of 
aerodynamic testing. Until recently wing characteristics are usually obtained from tests 
of models of finite aspect ratio. The development of wing theory led to the concept of 
wing-section characteristics that are derived from data obtained from tests of finite-
aspect-ratio wings. These derived data are then used to predict the characteristics of 
wings of different plan forms. The systematic investigations in the NACA variable-
density wind tunnel are examples of this type of investigation. This method of testing is 
hampered by the difficulties of obtaining full-scale values of the Reynolds number and 
sufficiently low air-stream turbulence to duplicate flight conditions properly without 
excessive cost for equipment and models. Other difficulties are experienced in properly 
correcting the data for the support tares and interference effects and in deriving the 
section characteristics from tests of models necessarily having varied span-load 
distributions and tip effects. 
   In order to avoid some of these difficulties and to permit testing of models those are 
large relative to the size of the wind tunnel, two-dimensional testing equipment is built 
by the NACA. The NACA two-dimensional low-turbulence pressure tunnel provides 
facilities for testing wing sections in two-dimensional flow at large Reynolds numbers in 
an air stream of very low turbulence, approaching that of the atmosphere. The wing-
section data provided by Abbott and Von Doenhoff [1] are obtained from tests in this 
tunnel. 
   This tunnel has a test section 3 feet wide and 7.5 feet high and is capable of operation 
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at pressures up to 10 atmospheres. The usual models are of 2-foot chord and completely 
span the 3-foot width of the test section. The lift is measured by integration of pressures 
representing the reaction on the floor and ceiling of the tunnel. The drag is obtained from 
wake-survey measurements, and the pitching moments are measured directly by a 
balance. Wing-section characteristics can be obtained from such measurements with a 
high degree of accuracy. 
   The usual tests are made over a range of Reynolds numbers from 3 to 9 million and 
at Mach numbers less than about 0.17. This range of Reynolds numbers covers the range 
where large-scale effects are usually experienced between the usual low-scale test data 
and the large-scale flight range. Application of these wing-section data to the prediction 
of the characteristics of wings of finite span depends on the adequacy of three-
dimensional wing theory. Note that these data are not applicable at high speeds where 
compressibility effects become important. 
   
3.2.2 XFOIL 
XFOIL is a panel method code developed by Drela [31, 33] from Massachusetts 
Institute of Technology. It is an interactive program for the design and analysis of 
subsonic isolated airfoils. The first version of XFOIL was available in 1986. The main 
goal of XFOIL is to combine the speed and accuracy of high-order panel methods with 
the new fully-coupled viscous/inviscid interaction method used in the transonic 
airfoil/cascade analysis/design code “ISES” developed by Drela and Giles [33, 39]. The 
code uses a conservative finite-volume streamline grid Euler formulation to represent the 
outer flow, and a two-equation dissipation integral formulation to represent the viscous 
layers. The viscous and inviscid flows are fully coupled through the displacement 
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thickness. Then the entire discrete equation set, including the viscous and transition 
formulations, is solved as a fully coupled nonlinear system by a global Newton method. 
In addition, XFOIL allows ones to do geometric design about the models through direct 
method implemented in the code for airfoil design. Therefore, XFOIL is a good option 
for the initial analyses which need large amount of aerodynamic data rapidly. For a 
detailed description of XFOIL, see Appendix A. 
In this dissertation, XFOIL is selected as the major tool to get the approximated 
wing-section aerodynamic characteristics, such as lift, moment, and drag coefficients, for 
certain Reynolds numbers and Mach numbers with viscous effects. Each airfoil with 
deflected trailing edge is modeled as single section in XFOIL. Through the capabilities 
of ISES code, the section can be modified by interactive specification of new geometric 
parameters such as hinge locations, aileron deflection, and airfoil dimension. To improve 
the accuracy of the analysis, the demonstration must be taken relative to the data 
provided by Abbott and Von Doenhoff [1]. 
To compare the aerodynamic data generated from XFOIL with the experimental data 
of Abbott and Von Doenhoff [1], a Mach number of 0.1 and Reynolds number of 3 
million are applied. The lift coefficients for symmetrical airfoil sections calculated using 
XFOIL agree well with those in Abbott and Von Doenhoff [1], and there is only 2% error 
for XFOIL’s results relative to the data in Ref [1]. Note that with increasing thickness of 
airfoil, XFOIL’s result has more error. From Figures 3.1, 3.2, and 3.3, not only the data 
points but the trends from negative to positive angles of attack are in good agreement. 
The lift-curve slopes agree well, and there is only 2.5% error for XFOIL’s results relative 
to the data in Ref [1]. XFOIL’s result has 6.5% error relative to the data in Ref [1] for the 
cambered airfoil, NACA 4415. Compared Figures 3.3 and 3.4, XFOIL can predict the 
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performance of symmetrical airfoil better. In Figures 3.4 and 3.5, although there are 
small differences beyond the stall angles of attack, the results are acceptable. 
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Figure 3.1: Validations for lift coefficient (NACA 0006) 
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Figure 3.2: Validations for lift coefficient (NACA 0009) 
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Figure 3.3: Validations for lift coefficient (NACA 0012) 
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Figure 3.4: Validations for lift coefficient (NACA 4412) 
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Figure 3.5: Validations for lift coefficient (NACA 4415) 
 
Similarly, for moment coefficient about the quarter-chord, XFOIL’s data has good 
agreement with the results provided by Abbott and Von Doenhoff [1], in the linear regime. 
Because the moment coefficients about the quarter-chord for symmetric airfoil sections 
approach to zero, it is very difficult to tell the difference between XFOIL and 
experimental data. Therefore, the moment coefficients for cambered airfoil sections are 
compared herein. For cambered airfoil sections, there is 10% error for the results relative 
to the data recorded in Ref [1] (see Figures 3.6 and 3.7), and the trend after stall is not 
captured. Since most of airfoil computations used in this dissertation are based on the 
NACA 0009 airfoil, the results with 2.5% error relative to experimental data are 
acceptable, and especially capturing the trends before stall is the main purpose. 
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Figure 3.6: Validations for moment coefficient about the quarter-chord (NACA 4412) 
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Figure 3.7: Validations for moment coefficient about the quarter-chord (NACA 4415) 
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3.3 Nonlinear Aeroelasticity–DYMORE 
3.3.1 Introduction 
The structural models are built through a finite element based, multibody dynamics 
analysis tool, called DYMORE. Multibody dynamics analysis is originally developed for 
modeling mechanisms with simple tree-like topologies composed of rigid bodies, but the 
methodology has considerably evolved to the point where it can handle nonlinear flexible 
systems with arbitrary topologies. It is now widely used as a fundamental design tool in 
many areas of mechanical engineering, such as the automotive, railroad, and aerospace 
industries. In the automotive industry, for example, multibody dynamics analysis is 
routinely used for optimizing vehicle ride qualities, a complex multidisciplinary task that 
involves the simulation of many different sub-components. The success of multibody 
dynamics analysis tools stems from their flexibility: a given mechanism can be modeled 
by an idealization process that identifies the mechanism components from within a large 
library of elements implemented in the code. The element library in DYMORE involves 
structural elements: rigid bodies, composite capable beams and shells, and joint models. 
Rigid body and beam models are fundamental elements of aircraft multibody models. 
Shells models can be used for more advanced analyses as well. All these elements are 
characterized by the presence of displacement and rotational fields that are referred to a 
single inertial. Arbitrarily large displacements and finite rotations are treated exactly. 
Beams are typically used for modeling wings but can also be useful for representing 
flaps. Here the wings of either the cantilevered wing model or rolling aircraft model are 
modeled with beam elements. In view of the increasing use of composite materials in 
aircraft structures, the ability to model components made of laminated composite 
materials is getting important. Specially, it must be possible to represent shearing 
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deformation effects, the offset of the center of mass and of the shear center from the 
beam reference line, and all the elastic couplings that can arise from the use of tailored 
composite materials. 
A distinguishing feature of multibody systems is the presence of a number of joints 
that impose constraints on the relative motion of the various bodies of the system. Most 
joints used for practical applications can be modeled in terms of the so called “lower 
pairs” [6]: the revolute, prismatic, screw, planar, cylindrical, and spherical joints, 
depicted in Figure 3.8. Mechanically actuated control surfaces are easily modeled with 
the help of lower pair joints. If two bodies are rigidly connected to one another, their six 
relative motions, three displacements and three rotations, must vanish at the connection 
point. If one of the lower pair joints connects two bodies, one or more relative motions 
will be allowed. Table 3.1 defines the six lower pairs in terms of the relative 
displacement and rotation components that can be either free or constrained to a null 
value. 
 
 
Figure 3.8: The six lower pairs quoted from Ref. [57] 
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Table 3.1: Definition of the six lower pair joints quoted from Ref. [57]. For the screw 
joint, p is the screw pitch. 
 Relative Displacements Relative Rotations 
Joint Type d1 d2 d3 θ1 θ2 θ3 
Revolute No No No No No Yes 
Prismatic No No Yes No No No 
Screw No No = pθ3 No No Yes 
Planar Yes Yes No No No Yes 
Cylindrical No No Yes No No Yes 
Spherical No No No Yes Yes Yes 
 
The explicit definition of the relative displacements and rotations in a joint as 
additional unknown variables represents an important implementation. First of all, it 
allows the introduction of generic spring and damper elements in the joints, as usually 
required for the modeling of realistic configurations. Second, the time histories of joint 
relative motions can be driven according to suitably specified time functions. In the 
models of this dissertation, for instance, the ailerons setting can be obtained by 
prescribing the time history of the relative rotation at the corresponding joints. 
 
3.3.2 Airtable 
To simulate aerodynamic nonlinearities, a full range of angles of attack, 
i.e.  180180   , look-up tables with aerodynamic data must be built up. The airfoil 
data set consists of lift, drag, and pitching moment coefficient tables. Each coefficient 
table defines the corresponding aerodynamic coefficients as a function of Mach number 
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and angle of attack by means of a double entry table. To generate these airtables, the 
viscous analysis of XFOIL is used to provide aerodynamic coefficients. Data are 
obtained varying Reynolds number, angle of attack, and flap angle. The limitations of the 
boundary-layer analysis to moderately separated conditions at stall and the potential flow 
model to the linear regime suggest that post-stall corrections are needed. The simple 
approximations as Eqns. (12) described in Ref. [64] are implemented here. They are 
based on empirical observation of airfoils at extreme angles of attack measured by 
Critzos et al. [25], and only the case of static stall is considered. All measurements are at 
low Mach numbers. The angle of attack is defined as the angle between zero-lift line and 
relative wind vector. Thus, the post-stall lift, moment, and drag coefficients are given in 
terms of the current and zero-lift angles of attack,  and 0  respectively. Note that the 
zero-lift angle of attack for NACA 0009 is zero. 
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              (12) 
 
The angle from zero-lift corresponding to the onset of stall for an airfoil of given 
thickness is nearly invariant with respect to its camber. The stall angle is assumed to be 
12/ based on the data in Ref. [1] for the NACA 0009 airfoil. Therefore, aerodynamic 
coefficients for the specific geometry of an airfoil in XFOIL, such as an airfoil with a 
deflected trailing edge, are used to establish the airtable within the linear regime, and 
Eqns. (12) is used to generate the data outside the linear regime. 
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3.3.3 Inflow Model 
The inflow element is a component of the aerodynamic model in DYMORE that 
computes the dynamic inflow field generated by the unsteady circulation at the airstation 
associated with the inflow disk. The induced flow model is based on the work of Peters 
and his co-workers for two-dimensional [94] and three-dimensional problems [91, 92]. 
Peters and Karunamoorthy show that a Glauert expansion of inflow states could be used 
to derive a set of ordinary differential state equations in which the states represented 
inflow distributions. From their results, for a thin airfoil with trailing-edge flap, the lift 
and pitching moment for the main wing can be derived from the total airloads and 
airloads for the flap. The relation is listed below, 
 
  aaW
aW
MLdbbLLbM
LLL


2
22 10
0
                (13) 
where La and Ma are generalized lift and pitching moment for aileron; L0 and L1 are 
expansions of generalized airloads. 
Traditionally, there are leading-edge control devices to ensure that the wing is never 
without the means to be controlled after aileron reversal. Much work in AAW program 
has been done to enhance roll performance by combining leading- and trailing-edge wing 
control surfaces [3]. Based on this idea, the relation between the main wing and leading-
edge control surface is derived here as below, 
 
ccW
cW
MLbdbLLbM
LLL


22 10
0
                    (14) 
where Lc and Mc are generalized lift and pitching moment for leading-edge control 
surface. 
To investigate the influence of leading-edge control surfaces for the aeroelastic 
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reversal problem more clearly, a simple case of the thin airfoil with both leading- and 
trailing-edge control surfaces is showed as following. In Peters’ finite state inflow model 
for two-dimensional thin airfoil [89, 93], the theoretical airloads equations are derived 
from the following equations: 
The non-penetration condition: 
 bxvvthxhuv 100                 (15) 
The induced flow due to bound vorticity: 
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The pressure-vorticity equation: 
 dtuP
x
b
bb 

 0                        (17) 
The induced flow due to other vorticity: 
xu
xb
dtdxut 


 

 00 2
1              (18) 
The total bound vorticity on the airfoil: 



b
b
b dx                                     (19) 
For the case of thin airfoil with both leading- and trailing-edge control surfaces as 
Figure 3.9, assume both control surfaces deflect   degree downwards, i.e.   ca , 
and are located at points with the same distance from the mid-chord. 
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Figure 3.9: Geometry of control surfaces 
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where Un is Chebyshev polynomials of second kind; the airloads for main wing are 
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Obviously, after substituting Eqns. (20) and (22) into Eqn. (21), both lift and pitching 
moment for main wing will be cancelled out. Although it is a simple case of a thin airfoil 
with multiple control surfaces, it did show the benefit to add the leading-edge control 
surface to compensate the loss of control effectiveness. Especially when the vehicle is 
operated close to reversal speed, leading-edge control surfaces are useful devices to 
replace ailerons to control the vehicle. This may have important implications for 
development of highly maneuverable aircraft. Indeed, many efforts have been contributed 
to AAW flight research program [3].  
In this dissertation, Peters’ 3D inflow model [91, 92] is implemented in DYMORE to 
compute the dynamic inflow field generated by the unsteady circulation at the airstation 
associated with the inflow disk. “DYNAMIC_INFLOW” is set as the inflow type in 
DYMORE for all the models herein, which means the inflow model is based on the 
theory for unsteady flow over a circular disk with a pressure jump across that disk. The 
induced flow distribution can be represented in an analogous expansion to that used for 
pressure in terms of a harmonic variation in azimuth and arbitrary radial distribution 
functions rj  
             



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0 ,...3,1
sincos,,
r rrj
r
j
r
j
r
j rtbrtartrw             (23) 
where the set of radial expansion function, the  rrj , must be linearly independent and 
complete for a given harmonic r. The rja , and 
r
jb are induced flow expansion 
coefficients and can be regards as the time-dependent states of the induced-flow model. 
Here “6” is set as the number of inflow modes in DYMORE input to determine the 
number of harmonics for the states used for the solution over the inflow disk. When this 
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number is used, DYMORE automatically uses “28” states of inflow model to compute 
the pressure difference for each airstation over the inflow disk. The choice of this number 
and location of the airstations of the associated lifting lines will greatly affect the 
accuracy and efficiency of the solution. Ten airstations are used in all the models 
associated with the number of modes, “6”, in this dissertation. 
 
3.3.4 Results for Uniform Lifting Surface without Aileron 
To verify the practicality of the aeroelastic model built using DYMORE, consider an 
unswept uniform elastic lifting surface as illustrated in Figure 3.10. The lifting surface is 
modeled as a beam and is presumed to be built in at its root (y = 0, to represent 
attachment to a wind-tunnel wall or a fuselage) and free at its tip (y = ℓ). The y-axis 
corresponds to the elastic axis, which may be defined as the line of effective shear 
centers, assumed here to be straight. For isotropic beams, a transverse force applied at 
any point along this axis will result in bending with no elastic torsional rotation about the 
axis. This axis is also the axis of twist in response to a pure twisting moment applied to 
the wing. Because the primary concern here is the determination of the airload 
distributions, the only elastic deformation that will influence these loads is twist about 
the elastic axis. 
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Figure 3.10: Uniform unswept cantilevered lifting surface quoted from Ref. [47] 
According to Ref. [47], the divergence dynamic pressure for a cantilevered wing is 
given by 
2
2






leca
GJqD
                              (24) 
This result is for strip theory aerodynamics, i.e. without 3D effects. For a 10-foot 
wingspan, 1-foot chord, quarter-foot offset from aerodynamic center to elastic axis, 
constant lift-curve slope 6.211, and given torsional stiffness 24,370 lb-ft2, the theoretical 
result for divergence dynamic pressure is 387.23 lb/ft2. A cantilevered wing model is set 
up in DYMORE, and a schematic of which is shown as Figure 3.11. To involve Peters’ 
3D inflow model in DYMORE, wings on both sides of a clamp need to be established 
because the inflow model simulate 3D induced flow around a disk. Note that 6 is set as 
the number of inflow modes in the analysis, which means 28 states of the induced-flow 
expansion over the disk are automatically used in DYMORE. In Figure 3.11, the pink 
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surface is the wing on the right hand side of the clamp, and that is the object to be 
evaluated for wing divergence. The results with and without 3D effects (tip loss and 3D 
inflow) are shown in Table 3.2. 
 
Figure 3.11: DYMORE simulation for uniform unswept cantilevered lifting surface 
 
Table 3.2: DYMORE results for uniform unswept cantilevered lifting surface 
DYMORE  Theory 
Without 3D effects With 3D effects 
Divergence Dynamic Pressure (lb/ft2) 387.23 387.66 416.70 
Obviously, the result with 3D effects is higher than the theoretical result, which is 
less conservative herein. To check tip rotation of the wing, the operating dynamic 
pressure is normalized by divergence dynamic pressure such as 
Dq
qq  . Since the 
aeroelastic instability will result in a catastrophic failure, which people try to avoid, the 
behavior of tip twist angle versus non-dimensional dynamic pressure up to 80% 
divergence is reported in Table 3.3. 
Table 3.3: DYMORE results of tip rotation for 1  
Non-dimensional 
Dynamic Pressure q  
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
Tip Twist Angle 
(deg) 
0 0.07 0.13 0.20 0.26 0.31 0.37 0.42 0.42 
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3.4 Chapter Summary 
This chapter introduces the tools used for the nonlinear analyses. That are XFOIL, a 
panel method code, and DYMORE, a finite element based multibody dynamic code. 
Using XFOIL and with the auxiliary experimental data, aerodynamic nonlinearities are 
involved in nonlinear aeroelastic model built in DYMORE. This is the main approach in 
this dissertation to implement the idea which is improving roll maneuverability by using 
post-reversal design. The aerodynamic data from XFOIL is compared with the 
experimental data in Section 3.2.1. Results show XFOIL is a reliable tool for this 
approach, and especially the stall phenomenon is what to avoid. A simple aeroelastic 
DYMORE model, the uniform lifting surface, is checked for the divergence with theory 
in Section 3.3.4. DYMORE result has a good agreement with the theoretical calculation 
for the aeroelastic instability problem. In Chapter 4, an aileron is added in two models, 
which are uniform cantilevered lifting surface and rolling aircraft with rectangular wings, 
respectively. The phenomena for reversal and divergence will be discussed and results 
reported there. 
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CHAPTER IV 
 
SYSTEM MODELS FOR AEROELASTIC PROBLEMS 
 
 
4.1 Uniform Lifting Surface with Aileron 
4.1.1 Aeroelastic Model 
Up to now, the aeroelastic analyses for wing-aileron system have focused on rigid 
wings with a flexible support. These idealized configurations do give some insight into 
the aeroelastic stability and response, but practical analyses must take flexibility of the 
lifting surface into account. That being the case, flexible wings will be addressed in this 
section, albeit with simplified structural representation. 
Consider an unswept uniform elastic lifting surface as illustrated in Figure 4.1. In 
order to be consistent to the aerodynamic model in XFOIL, the lifting surface with 
aileron is modeled as a beam and is presumed to be built in at its root (y = 0, to represent 
attachment to a wind-tunnel wall or a fuselage) and free at its tip (y = ℓ). The y-axis 
corresponds to the elastic axis, which may be defined as the line of effective shear centers, 
assumed here to be straight. For isotropic beams, a transverse force applied at any point 
along this axis will result in bending with no elastic torsional rotation about the axis. This 
axis is also the axis of twist in response to a pure twisting moment applied to the wing. 
Because the primary concern here is the determination of the airload distributions, the 
major one elastic deformation that will influence these loads is twist about the elastic axis. 
NACA 0009 airfoil is selected as the wing section of the lifting surface models (same 
for the wing section of the rolling aircraft models). For the initial analyses, a solid section 
and isotropic material are used for the wing. DYMORE is used for the multibody 
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dynamics analysis. This model is an aeroelastic problem dealing with the rectangular 
planform wing clamped at its mid-point shown as the green point on the left hand side of 
the wing in Figure 4.1. The wing has a rectangular planform of length L = 15 ft and chord 
length c = 1 ft. The 15-foot aileron extends along the span of the whole wing, where the 
hinge location is at 80% chord of the main wing. The structural properties of the 
cantilevered wing are as follows: bending stiffness, EI = 2.365105, torsional stiffness, 
GJ = 2.39104 (both in lb-ft2), mass per unit span, m = 0.0075 (slug/ft), polar moment of 
inertia, I = 0.0195 (slug-ft). The airfoil quarter-chord and center of mass are located 0.084 
ahead and 0.6 ft aft of the wing elastic axis, respectively. The wing span is modeled with 
cubic beam elements [10, 11]. 
 
Figure 4.1: Configuration of uniform lifting surface with aileron 
 
 
4.1.2 Theoretical Results 
With the geometry and boundary conditions of the uniform lifting surface as above, 
one can derive the associated divergence and reversal dynamic pressures. The expression 
of the divergence dynamic pressure for cantilevered wing [47] is given as follow: 
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which e is the distance from aerodynamic center to elastic axis. Note that the difference 
between Eqns. (24) and (25) is assuming the sectional lift-curve slope is constant and 
denoted by “a” in Eqn. (24). Here the aerodynamic nonlinearities are involved by 
building up the look-up airtable in DYMORE, and the sectional lift-curve slope is 
denoted by “
l
c ” instead. 
The total lift for the uniform lifting surface is 
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which r  is rigid angle of attack [47] from a “rigid” rotation of the surface (plus any 
built-in twist although none is assumed to exist here), and 
GJ
eqccl 2                                  (27) 
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From the definition for aileron reversal, that is 
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Substitute the dimensions of the model and the aerodynamic coefficients from running 
XFOIL, resulting in 1.119 . Thus 
22
2 25.1119.1

 ll
R cec
GJ
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GJq                            (30) 
The reversal dynamic pressure from theoretical calculation is 254.33 lb/ft2. The 
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divergence dynamic pressure is 501.14 lb/ft2 from theoretical calculation. One can see the 
reversal dynamic pressure is 50% lower than the divergence dynamic pressure. The 
region between reversal and divergence is called post-reversal regime and will be 
discussed in this dissertation. 
For theoretical calculation, one can consider simple 3D tip effects (tip loss factor 
equal to 0.97), which means integrating spanwise lift from wing root to 97% span. For 
aileron reversal, Eqn. (29) becomes 
 




 lm
lm
eccc
ecccL




 02.098.0tan0

                 (31) 
where 1.160  for this case. Thus 
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and the result is reported in Table 4.1. Note that to calculate divergence herein, the same 
homogeneous torsional equation of equilibrium as 2D theory is used and results in the 
same expression for divergence as Eqn. (25). Therefore, the same solution of divergence 
dynamic pressure for simple 3D theory as that for 2D theory is shown in Table 4.1. 
 
4.1.3 Numerical Results 
For the DYMORE model, the airtable is built based on the aerodynamic coefficients 
for the NACA 0009 airfoil using XFOIL and Eqns. (12). XFOIL model is given a flap 
angle β of 1 degree and a zero rigid angle of attack at the beginning to generate 
aerodynamic coefficients. Then the data is put in DYMORE for use. The numerical 
results with and without 3D effects for total lift of the wing versus the dynamic pressure 
are shown as Figure 4.2. Note that the meaning of “without 3D effects” is there is no 
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inflow involved and no tip loss is assumed in the model. Instead, tip loss and 28 states of 
the induced-flow expansion over the disk are used in the model with 3D effects. 
Extracting the data stored in DYMORE outputs for the point where the net lift becomes 
negative and calculating the divergence dynamic pressure and reversal dynamic pressure, 
the results are shown in Table 4.1. 
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Figure 4.2: Total lift of the wing versus the dynamic pressure 
 
Table 4.1: Comparison between DYMORE and theory 
 DYMORE Theory 
With 3D Effects Without 3D Effects 2D 3D 
(with tip effects) 
Reversal Dynamic Pressure 
lb/ft2 
279.68 257.09 254.33 273.31 
Divergence Dynamic Pressure 
lb/ft2 
561.17 505.45 501.14 501.14 
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Both results for reversal are higher than 2D theory due to the theoretical calculation 
is less conservative. The model without 3D effects has closer assumptions to the 2D 
theory, and the reversal dynamic pressure only has 1.1% difference with the theoretical 
result. For the model with 3D effects, the reversal dynamic pressure is 2.3% higher than 
that for simple 3D theoretical result (with tip loss), and that because there is some 3D 
effects, such as inflow velocity, not been considered in 3D theoretical calculation. If the 
wing is rigid (without flap), the curve will go along the zero axis throughout the whole 
regime of dynamic pressure. Since the wing is elastic, a small flap angle will make the 
camber change, and the lift increase. The effective change in the camber also induces a 
nose-down pitching moment that, due to the flexibility of the wing, tends to decrease 
angles of attack and decrease the lift in turn. Consequently, the net lift generation is 
decreased after reversal occurs. The divergence is purely dependent upon the structure, 
although it is a phenomenon of aeroelastic instability. The divergence without 3D effects 
agrees with theory well, but that with 3D effects is higher than the theoretical result. That 
is because the model with 3D effects is more conservative, whereas the tip loss factor is 
involved. Thus, lower lift is generated at the wing tip and tended to get lower potential to 
reach the aeroelastic instability in the DYMORE model. Since the model with 3D effects 
is more physically appropriate, it will be used to investigate the post-reversal regime in 
the following analyses. 
To inspect the control surface effectiveness, the aileron lift effectiveness, η, is defined 
as the aeroelastic change in lift per unit change in β divided by the change in lift per unit 
change in β that would result is the wing not flexible in torsion as Eqn. (10). The 
theoretical derivation for typical section shown as before in Eqn. (11) also can be used, 
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On the other hand, aileron reversal can also be thought as the point where the wing 
root bending moment vanishes [57]. Indeed, for flying aircraft, aileron reversal occurs 
while there is not enough antisymmetric bending moments provided for aircraft to do 
rolling maneuver conventionally. Thus, aileron effectiveness can be defined as 
 
 
rigid
elastic
M
M
                           (33) 
 
Results recorded in DYMORE are used to present the aileron effectiveness in these 
three different ways and shown in Figures 4.3 and 4.4. Note that the black dash line 
represents the aileron effectiveness if the wing is rigid. 
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Figure 4.3: Comparisons of aileron effectiveness (with 3D effects) 
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Figure 4.4: Comparisons of aileron effectiveness (without 3D effects) 
 
The results for typical section from theory are less accurate, but it is a good reference 
to check aileron effectiveness. The results for total lift and root bending moment have 
good agreements with each other. Now focus on the plot with 3D effects, since the model 
is more practical and will be used in the following analyses. The result shows there is 
more than twice aileron effectiveness of rigid wing (though negative). If the high 
effectiveness happens before wing stall, this phenomenon can be used to develop highly 
maneuverable aircraft in the future. 
To make certain the wing does not encounter stall, it is a good verification to check if 
the tip rotation is beyond the stall angle of attack during the entire range of operating 
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dynamic pressure in the above analyses. Indeed, the tip is structurally the most flexible 
part of the wing. If the tip rotation is not beyond the stall angle of attack, the model will 
not encounter the stall. Results with and without 3D effects are shown in Figure 4.5. 
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Figure 4.5: Tip Rotation for wing versus operating dynamic pressure 
 
Three conclusions can be made from this plot. First, if the tip loss factor is not 
involved in the model, the tip rotation is higher than that involving the tip loss, due to 
more lift generated at the wing tip. This is consistent with the results shown in Figures 
4.2 to 4.5. Higher negative lift is generated at the wing tip, and tended to generate higher 
bending moment at the wing root, and finally resulted in higher negative effectiveness. 
Next, the trends of the curves are similar to that for total lift. The reversal dynamic 
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pressure for the model without 3D effects is lower than that with 3D effects, and both of 
them located in the range from 250 to 300 lb/ft2, which are consistent with the results 
shown in Table 4.1. Lastly and most importantly, the tip rotation is sufficiently small and 
is not beyond the stall angle of attack during the entire range of the operating dynamic 
pressure. Therefore, there exists a configuration that reverses at a relatively low dynamic 
pressure and flies with the enhanced controls at a higher level of effectiveness. 
The case shown above is the cantilevered wing model given a flap angle β of 1 
degree. Results show the model did not encounter stall for such a small aileron deflection. 
If the aileron deflection becomes sufficiently large, the wing may stall before it will 
actually reverse. On the other hand, large aileron deflection will influence aeroelastic 
phenomena as well due to more lift generated and larger flexibility effect. That being the 
case, the above model with 10-foot span is used to evaluate how aileron deflection 
affects aeroelastic phenomena and whether or not the wing will encounter stall. Figure 
4.6 shows the relation between aeroelastic boundaries and aileron deflection. Note that 
the dashed lines show the aeroelastic boundaries versus aileron deflection for analytical 
results. As expected, the difference between numerical and analytical results is more for 
larger aileron deflection due to nonlinearity. The numerical results are got from a more 
sophisticated code which can capture more 3D effects. With increasing aileron deflection, 
the post-reversal regime shrank, and finally this regime is too narrow to address 
aeroelastic phenomena even though there may be high level of aileron effectiveness 
existing within it. That being the case, pilots are difficult to control aircraft at such a 
narrow regime of operating dynamic pressure. Therefore, it is not worthwhile to be 
investigated about the post-reversal behavior for the aircraft here. 
For the cantilevered wing case, large aileron deflection influences divergence 
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dynamic pressure a lot, but it does not affect reversal dynamic pressure much. That is 
because effective camber increases with increasing aileron deflection, and tends to 
increase the lift-curve slope. In the meantime, more lift will be generated based on higher 
lift-curve slope at certain speed. By reviewing Eqn. (25), divergence dynamic pressure is 
inversely related to the lift-curve slope. The changes of lift-curve slope can be indirectly 
translate to the changes of total lift, so the trend for the variation of divergence dynamic 
pressure with respect to aileron deflection is close the curve shown as Figure 4.7. 
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Figure 4.6: Aeroelastic boundaries versus aileron deflection (cantilevered wing) 
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Figure 4.7: Inverse of total lift versus aileron deflection 
To check if the wing encountered stall for the two cases, the maximum spanwise tip 
rotation during the operating dynamic pressure is reported in Figure 4.8. All of them are 
far below the stall angle of attack for NACA 0009. Therefore, the wing did not stall 
before it reversed, even after the reversal occurred.  
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Figure 4.8: Spanwise tip rotation with varying aileron deflection 
 
 
4.2 Aileron Reversal for a Rolling Aircraft 
4.2.1 Aeroelastic Model 
So far, aeroelastic analyses for the wing-aileron system have focused on uniform 
cantilevered lifting surfaces. Practical analyses must take consideration of a complete 
aircraft in flight, and that requires the vehicle is trimmed for the desired flight condition. 
That being the case, the complete aircraft with uniform wing-aileron system will be 
addressed in this section. 
Consider an unswept rectangular wing with aileron of a rolling aircraft as illustrated 
in Figure 4.9. The wings are modeled as a beam and presumed to be built in at their root 
to represent attachment to a fuselage and free at their tip. The y-axis corresponds to the 
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elastic axis, which may be defined as the line of effective shear centers, assumed here to 
be straight. Because the primary concern here is determination of the airload distributions, 
the major elastic deformation that will influence these loads is twist about the elastic axis. 
 
Figure 4.9: Configuration of the wing-aileron system for a rolling aircraft 
 
As before, NACA 0009 airfoil is selected as the wing section of the rolling aircraft 
models. For the initial analyses, solid wing and isotropic material are used for the wing. 
DYMORE is used for the multibody dynamics analysis. This model is an aeroelastic 
problem dealing with the symmetry of a rectangular planform wing clamped at the 
fuselage of a flying aircraft shown in Figure 4.9. Due to symmetry, a half configuration is 
described as follows. The wing has a rectangular planform of length Lspan = 12.5 ft and 
chord length c = 1 ft. The 12.5-foot aileron extends along the span of the whole wing, 
where the hinge location is at 80% chord of the main wing. The structural properties of 
the cantilevered wings are as follows: bending stiffness, EI = 2.365105, torsional 
stiffness, GJ = 2.39104 (both in lb-ft2), mass per unit span, m = 0.0075 (slug/ft), polar 
moment of inertia, I = 0.0195 (slug-ft). The airfoil quarter-chord and center of mass are 
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located 0.084 ahead and 0.6 ft aft of the wing elastic axis, respectively. For F/A-18, there 
is total 400 ft2 of wing area to provide lift to sustain 24,700 lb of empty weight (fuselage 
is around 10,000 lb). For the model with 25 ft2 of wing area, the total weight of the 
fuselage is assumed to be 600 lb herein in order that the resulting lift can sustain the total 
weight of the aircraft. Note that the wing span is modeled with cubic beam elements [10, 
11]. 
The aerodynamic model combines thin airfoil theory with a three-dimensional 
dynamic inflow model [91]. The airfoil with deflected trailing edge in XFOIL is used to 
generate the required aerodynamic coefficients to build up the airtable to be added into 
this model to specify the lift, drag, and moment coefficient for different Mach numbers 
and angles of attack. The inflow velocities at each span-wise location are computed using 
the finite state induced flow model developed by Peters et al. [91, 94]. As before, “6” is 
set as the number of inflow modes in DYMORE input to determine the number of 
harmonics for the states used for the solution over the inflow disk. When this number is 
used, DYMORE automatically uses “28” states of inflow model to compute the pressure 
difference for each airstation over the inflow disk. Ten airstations are used in all the 
models associated with the number of modes, “6”, herein. Airloads are computed at 10 
stations along the wing span, located at the positions corresponding to Gaussian 
quadrature. 
 
4.2.2 Trim Analysis 
Consider the rolling aircraft with unswept rectangular wings, and the roll rate is 
denoted by p. The entire aircraft must be modeled as Figure 4.9, since one wing is 
moving upward while the other is moving downward. Note that unlike the traditional 
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approach to achieve the trimmed configuration, the horizontal tail with a stabilizer is not 
included in the model. Although it is not realistic, the model is sufficient for trim analysis 
associated with antisymmetric behavior of an aircraft, especially searching for the steady 
roll rate about the short-term roll is the purpose of this study. The equilibrium equations 
of an aircraft with rectangular wings can be synthesized by symmetric and antisymmetric 
components. Aileron deflection primarily results in antisymmetric loadings [17]. 
Therefore, the problem can be posed in terms of symmetric and antisymmetric parts, and 
these two parts are not coupled to each other. The antisymmetric part can be treated 
separately because components that are the same on both sides of the aircraft cancel out 
in pure roll. For example, in the relation 
   
U
pyyyr                              (34) 
where y represents spanwise location and the first term is the rigid angles of attack 
(including wing root’s angle of attack and wing’s built-in twist), and it can be drop out 
due to symmetry. The elastic twist of wings and the roll rate are antisymmetric, because θ 
and β will have the opposite sense across the mid-plane of the aircraft. The last term 
represents the increment in the angle of attack from the roll rate p. Thus Eqn. (34) 
becomes 
 
U
pyy                                    (35) 
The trim equation for a rolling maneuver consists of the wing’s equations of 
equilibrium and the global equilibrium of the aircraft together with the governing 
equations for the elastic deformation of the wing and the aerodynamic modeling 
equations [48]. All of them are built into the DYMORE source code to do trim analyses.  
Therefore, in light of the above, the force equilibrium applied in the trim analysis 
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here only includes the component along z-axis, which is simply total lift in the z direction 
equal to total weight of an aircraft for level flight 
0 WLFz                                                (36) 
Note that the components of force equilibrium along x- and y-axis are not considered in 
this analysis, which means the following force equilibrium equations are not involved in 
DYMORE models. 




0
0
y
x
F
DTF
                                              (37) 
where T is thrust and D is aerodynamic drag. 
In addition, the moment equilibrium applied in the trim analysis here only includes 
the component along x-axis, which is rolling equilibrium equation. For a steady rolling 
condition resulting from a unit aileron deflection, three rolling moments due to aileron 
deflection, elastic twist, and roll rate must sum to zero, and that is 
0 pex MMMM                                      (38) 
where eM represents the rolling moment caused by elastic twist, M represents the 
rolling moment caused by aileron deflection, and pM represents the rolling moment 
caused by roll rate. Similarly, the components of moment equilibrium along y- and z-axis 
are not considered in this analysis, and they are pitching moment equilibrium and yawing 
moment equilibrium. 
0
0




z
y
M
M
                                                  (39) 
Note that although it is not realistic not to consider all force and moment equations of 
equilibrium, the model is sufficient for trim analysis associated with searching for the 
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steady roll rate about the short-term roll. 
Assuming there is no structural coupling and using the operator notation, the matrix 
form of equations for the equilibrium of the wing can be written as 
    
    ea
ww
MC
FCw
 
                                                 (40) 
where [C] is a matrix of influence coefficients representing the response of the structure. 
The matrix form of aerodynamic formulation can be written as 
    la cc1
                                                 (41) 
 
where  lcc  is a matrix of influence coefficients representing the applied force or 
moment due to aerodynamics related to deflection, such as angle of attack. 
The problem of trim in this dissertation involves the determination of the correct 
control settings that satisfy some desired operational conditions with initially 1 degree of 
angle of attack. The auto-pilot and discrete auto-pilot methods [90] are well suited for the 
solution of the trim configuration when the problem is formulated using this finite 
element based multibody dynamics analysis, DYMORE. The auto-pilot method 
continuously modifies the controls so that the system converges to a trimmed 
configuration. The discrete auto-pilot approach modifies the control setting at each 
revolution only. 
In the present study, for antisymmetric unit degree of β, the zero roll rate is set as the 
desired operational condition (control output) to determine the operating aircraft speed 
(control input). The auto-pilot trimming is performed in three steps: reference run, 
perturbation run and simulation run. First, in the reference run, the finite element based 
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multibody code is run till the target values stabilized using a set of prescribed aileron 
deflection settings. Then, the perturbation run was performed in which the control input 
is perturbed. Finally, in the simulation run, the control input is updated for dynamic 
simulation based on the auto-pilot control law, till the output converged to desired value. 
The initial value of operating aircraft speed is 50 ft/sec; the target value of roll rate 
is 0p . During the perturbation run, the operating aircraft speed is perturbed by 25 
ft/sec for each iteration. At convergence, the roll rate is approaching zero, with ± 0.02% 
error compared to the desired value. Table 4.2 lists the trim angles of attack for different 
trimmed configuration associated with different flying speeds. Results show all the 
angles of attack are below the stall angle of attack for NACA 0009 airfoil. In addition, as 
the flying speed increases, the lift increases. Due to the force equilibrium about z 
direction, the angle of attack decreases with increasing flying speed. 
 
Table 4.2: Trim angle of attack versus nondimensional dynamic pressure 
q/qD 0.1 0.2 0.3 0.4 0.5 0.6 
AOA, deg 3.948 3.352 2.816 2.325 1.865 1.425 
For trim analysis, the various components of the rolling moment must all sum to zero 
during the entire operating dynamic pressure. The rolling moment consists of the 
component caused by the elastic twist, the roll rate, and the aileron deflection. 
Particularly, at the point of control reversal, the component of the rolling moment caused 
by the roll rate vanishes. Therefore, for the antisymmetric unit degree of β, the zero roll 
rate is set as the desired operational condition to determine the operating aircraft speed. 
Note that the speed can be interpreted as the dynamic pressure with the constant air 
density. Results for different components of the rolling moment versus the 
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nondimensional operating dynamic pressure (normalize operating dynamic pressure by 
divergence dynamic pressure) are shown in Figure 4.10. The rolling moment caused by 
the roll rate vanishes at the dynamic pressure equal to 127.3 lb/ft2, which means that the 
roll rate vanishes. This condition is the so-called the control reversal for the aircraft. 
During the post-reversal regime but before divergence, a much higher rolling moment 
caused by the roll rate is generated, although it has the opposite sense with that of 
operating the aircraft in the conventional regime. That means a flying aircraft can 
achieve higher roll rate during this regime to do a rolling maneuver. This phenomenon 
may be used to develop the highly maneuverable aircraft, especially the fighter aircraft. 
To demonstrate this phenomenon, more practical cases will be investigated in Section 
4.2.4. Before that, maneuverability for an aircraft is discussed in next section. 
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Figure 4.10: Variation of the components of the rolling moment versus 
nondimensional operating dynamic pressure 
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4.2.3 Maneuverability 
Enhancement of roll maneuverability for the aircraft requires the pilot to be able to 
achieve maximum rolling of the aircraft by deflecting trailing-edge control surfaces 
antisymmetrically. The aileron system increases the lift on one wing and decreases lift on 
the other one, and tends to provide a rolling moment for the rolling maneuver. The 
primary function of this control is to produce a rolling moment. The effectiveness of the 
ailerons in producing rolling moments is described by the control derivative arM  , 
where rM  is rolling-moment. The flap angle a  is defined as the mean value of the 
magnitudes for the aileron deflection on both sides of the fuselage [34]. Note that since 
the same magnitude of the aileron deflection is given for the ailerons on both sides in the 
models herein,  a  and the control derivative can be simplified as  rM . It is 
positive when the right aileron deflection is downward. The derivative  rM is 
normally positive, right aileron down producing a roll to the left. However, if the high 
performance aircraft is operating at high dynamic pressure where deformation of the 
wing is significant, the roll rate is reduced as shown in Figure 4.11 by a detrimental 
aerodynamic twisting moment produced by the trailing-edge control surface rotation. A 
roll reversal dynamic pressure, at which the aileron system is rendered completely 
ineffective for producing roll rate for an aircraft, can be determined. 
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Figure 4.11: Loss of roll rate due to wing flexibility 
 
Same as the cantilevered wing model, to determine the maneuverability of the flying 
aircraft, the effects of large aileron deflection are evaluated first. Using the rolling 
aircraft model with 10-foot span and given antisymmetric aileron deflection, results for 
the deflection up to 4 degree are reported in Figure 4.12. Note that the dashed lines show 
the aeroelastic boundaries versus aileron deflection for analytical results, and the 
difference between numerical and analytical results is due to numerical results are got 
from a more sophisticated code which can capture more 3D effects. With increasing 
aileron deflection, divergence dynamic pressure decreases, which means the potential of 
aeroelastic instability increases. That is because effective camber increases with 
increasing aileron deflection, and tends to increase the lift-curve slope. Meanwhile more 
lift will be generated based on higher lift-curve slope at certain speed. Indeed, by 
reviewing Eqn. (25) again, divergence dynamic pressure is inversely related to the lift-
curve slope. 
On the other hand, reversal dynamic pressure increases while aileron deflection 
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increases. Effective camber increases with increasing aileron deflection, and tends to 
increase both 
L
C and 
M
C shown as Figure 4.13. The slope for 
L
C curve is higher than 
that for 
M
C curve, which means the pure aerodynamic lift due to aileron deflection 
increases faster than the decreasing of aeroelastic lift due to aileron deflection. In other 
words, the negative aeroelastic lift is more difficult to overpower the pure aerodynamic 
lift with increasing aileron deflection. By reviewing Eqns. (29) and (30), the associated 
parameters to calculate the reversal dynamic pressure for the analytical results are plotted 
as Figure 4.14. All the three parameters increase with the increasing aileron deflection, 
and tend to increase the reversal dynamic pressure. Although nonlinear analysis is used 
for the model in this section, the variation of all aerodynamic coefficients and the 
associated parameters is small. Therefore, the reversal dynamic pressure increases almost 
linearly as aileron deflection increases. Note that the reversal here represents the roll rate 
of a flying aircraft vanishes. 
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Figure 4.12: Aeroelastic boundaries versus aileron deflection (rolling aircraft) 
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Figure 4.13: Variation of 
L
C and 
M
C versus aileron deflection 
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Figure 4.14: Variation of parameters in Eqn. (29) versus aileron deflection 
 
Next, to predict the aeroelastic boundaries of the flying aircraft in Section 4.2, 
different combinations of flight conditions will be investigated. The major factor 
affecting the flight conditions is the operating altitude. Changing the altitude, the 
temperature and the air density will change as well as the speed of sound [5]. For the 
same free stream velocity, increasing the altitude will decrease the temperature, which 
tends to decrease the speed of sound, and finally Mach number decreases. On the other 
hand, for the same freestream velocity, increasing the altitude will decrease the air density 
and the temperature, and Reynolds number will change as well. Mach number and 
Reynolds number are the major factors to influence the composition of the airtable in the 
DYMORE model. Here the altitude from sea level to 30,000 feet, Mach number up to 
0.72, and Reynolds number up to 15 million are investigated. Different combinations of 
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these three factors are evaluated to determine to divergence and reversal boundaries for a 
flying aircraft with the aspect ratio equal to 15. 
First, Figure 4.15 shows the variations of aeroelastic boundaries versus Mach number 
by keeping Reynolds number constant. Both divergence and reversal dynamic pressures 
decrease with increasing Mach number. The wider post-reversal range can be taken 
advantage of for lower Mach numbers. 
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Figure 4.15: Aeroelastic boundaries of a flying aircraft at sea level with Re = 6,000,000 
 
Next, Figure 4.16 shows the variations of aeroelastic boundaries versus Reynolds 
number by keeping Mach number constant. Divergence dynamic pressures increase with 
increasing Reynolds number, but there is almost no change for reversal dynamic pressure. 
Thus, the wider post-reversal range can be taken advantage of for higher Reynolds 
numbers. 
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Figure 4.16: Aeroelastic boundaries of a flying aircraft at sea level with M∞ = 0.36 
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Figure 4.17: Reversal boundary of a flying aircraft at sea level 
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Figure 4.18: Divergence boundary of a flying aircraft at sea level 
Figures 4.17 and 4.18 show the 3D plots with the relations between aeroelastic 
boundaries, Mach number, and Reynolds number. Reversal dynamic pressure almost 
keeps constant by varying Reynolds numbers, but decreases with increasing Mach 
number. For divergence dynamic pressure, there is a dramatic drop while Mach number 
increases and Reynolds number decreases. To explain the phenomena, the characteristics 
of airfoil in different Mach numbers and Reynolds numbers should be discussed from an 
aerodynamic point of view. The important factors to influence the divergence and 
reversal are lift-curve slope with respect to angle of attack and moment-curve slope with 
respect to aileron deflection, which are 
L
C and 
M
C , respectively. 
L
C represents how 
lift is generated and how quickly it is generated with respect to changes in angle of attack. 
M
C represents how aeroelasticity affects the model and how much angles of attack 
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decrease with wing flexibility. 
Table 4.3: The variation of 
L
C versus Mach and Reynolds numbers 
Reynolds Number (106)  
3.0 6.0 9.0 12.0 15.0 
0.00 6.24 6.31 6.33 6.35 6.37 
0.18 6.36 6.45 6.48 6.51 6.53 
0.36 6.86 6.99 7.04 7.08 7.11 
0.54 8.00 8.21 8.05 7.99 8.02 
 
Mach 
Number 
0.72 9.85 9.81 10.20 10.59 10.58 
 
Table 4.4: The variation of 
M
C versus Mach and Reynolds numbers 
Reynolds Number (106)  
3.0 6.0 9.0 12.0 15.0 
0.00 -0.33 -0.32 -0.32 -0.32 -0.32 
0.18 -0.34 -0.33 -0.32 -0.32 -0.32 
0.36 -0.36 -0.34 -0.33 -0.34 -0.33 
0.54 -0.38 -0.34 -0.36 -0.36 -0.36 
 
Mach 
Number 
0.72 -0.42 -0.40 -0.40 -0.41 -0.41 
Table 4.3 shows the data from XFOIL for the model with NACA 0009 airfoil and 
given zero aileron deflection, and obviously lift-curve slope with respect to angle of 
attack increases with the increasing of Mach number. From surfaces pressure distribution 
shown in XFOIL, the difference of pressure distribution between upper surface and lower 
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surface of airfoil is getting larger with increasing Mach number, which tends to create 
more lift. Higher lift increasing quickly tends to lower the aeroelastic boundary. However, 
there is a nonlinear variation of 
L
C with respect to Reynolds number. Indeed, lift-curve 
slope is not influenced by Reynolds number much, but the maximum value of lift 
coefficient, which is governed by viscous effects, is dependent on Reynolds number. 
Reynolds number is a parameter that governs the strength of inertia forces relative to 
viscous forces in the flow and is dependent upon the freestream fluid density, velocity, 
and viscosity [4]. It would be difficult to check the sensitivity of lift-curve slope to 
Reynolds number if all the parameters above are not considered carefully. More details 
will be discussed later. 
Table 4.4 shows the data from XFOIL for NACA 0009 airfoil with hinge location at 
80% chord and given one degree of aileron deflection. The magnitude of moment-curve 
slope with respect to aileron deflection increases with Mach number, and thus increasing 
the aeroelastic sensitivity of the model. On the other hand, there is no significant change 
of 
m
C with respect to Reynolds number since the moment coefficient is relatively 
insensitive to Reynolds number in the linear regime. Therefore, the reversal boundary is 
more sensitive to Mach number due to the variations of the aeroelastic effect. To 
accurately describe the post-reversal regime, both divergence and reversal dynamic 
pressures are transformed to divergence and reversal speeds at sea level and shown in 
Figures 4.19 and 4.20. 
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Figure 4.19: Divergence speed of a flying aircraft at sea level 
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Figure 4.20: Reversal speed of a flying aircraft at sea level 
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If the aircraft is operated at 30,000 feet altitude, the variations of aeroelastic 
boundaries versus Mach number and Reynolds number are shown as Figures 4.21 and 
4.22, respectively. Comparing with Figures 4.15 and 4.16, there are similar trends for 
both boundaries at different altitudes, but the post-reversal regime has shrunk at 30,000 
feet altitude. That means a smaller post-reversal regime can be utilized at higher altitude. 
Note that the density is assumed to be constant within these comparisons, which means 
Reynolds number is not the real one at the specific altitude. Reynolds number equal to six 
millions is used in both Figures 4.15 and 4.21, although they represented the analyses at 
the different altitudes. The approaches here are easy to investigate the relations between 
the aeroelastic boundaries, Mach number, and Reynolds number. The real case under 
standard atmosphere will be discussed at the end of this section. 
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Figure 4.21: Aeroelastic boundaries of a flying aircraft at 30,000 ft with Re = 6,000,000 
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Figure 4.22: Aeroelastic boundaries of a flying aircraft at 30,000 ft with M∞ = 0.36 
 
Figures 4.23 and 4.24 show the 3D plots with the relations between aeroelastic 
boundaries, Mach number, and Reynolds number. Same as before, reversal dynamic 
pressure almost keeps constant by varying Reynolds numbers, but decreases with 
increasing Mach number. For divergence dynamic pressure, there is a dramatic drop 
while Mach number increases and Reynolds number decreases due to higher lift-curve 
slope, which is inversely related to the divergence dynamic pressure. 
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Figure 4.23: Reversal boundary of a flying aircraft at 30,000 ft 
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Figure 4.24: Divergence boundary of a flying aircraft at 30,000 ft 
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The influence of the altitude on the aeroelastic boundaries may be ascertained from 
the results recorded in Table 4.5. Obviously, with constant density assumption, there is no 
significant change in the reversal dynamic pressure when the altitude is varied. On the 
other hand, divergence dynamic pressure is sensitive to the altitude, which means it is 
sensitive to the flight condition. Therefore, the post-reversal regime decreases 19.6% 
from sea level to 30,000 feet, although the reversal dynamic pressure is not affected by 
the altitude directly. 
 
Table 4.5: The variation of aeroelastic boundaries with respect to the altitude 
(M∞ = 0.36, Re = 6,000,000) 
Altitude (ft)  
Sea Level 5000 10000 15000 20000 25000 30000 
Reversal 258 258 258 258 257 260 259 Dynamic 
Pressure (lb/ft2) Divergence 421 421 418 414 407 399 390 
 
 
As before, to accurately describe the post-reversal regime, both divergence and 
reversal dynamic pressures are transformed to divergence and reversal speeds at 30,000 
feet and shown in Figures 4.25 and 4.26. 
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Figure 4.25: Divergence speed of a flying aircraft at 30,000 ft 
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Figure 4.26: Reversal speed of a flying aircraft at 30,000 ft 
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Table 4.6: The variation of air properties with respect to the altitude and the lift-curve 
slope for NACA 0009 
Altitude, ft Sea Level 5000 10000 15000 20000 25000 30000 
Temperature, °R 518.69 500.86 483.04 465.23 447.43 429.64 411.86 
Density, slug/ft3 (10-3) 2.38 2.05 1.76 1.50 1.27 1.07 0.90 
Viscosity, slug/ft-s (10-7) 3.74 3.52 3.30 3.09 2.87 2.65 2.44 
Reynolds No. (106) 2.54 2.33 2.13 1.94 1.77 1.61 1.46 
l
C  6.69 6.62 6.50 6.45 6.38 6.33 6.32 
To investigate realistic cases, the variation of the density and the viscosity with 
respect to the altitude must be involved in the models (assumed constant before). Table 
4.6 lists different air properties with respect to the altitude and the associated lift-curve 
slope from XFOIL. 
It is clear to see the variations of Reynolds number with respect to the altitude under 
the standard atmosphere in Figure 4.27. Reynolds number decreases with the increasing 
of the altitude. Figure 4.28 shows the lift-curve slope versus Reynolds number for NACA 
0009 with 1-degree aileron deflection. Reynolds number decreasing also makes the lift-
curve slope decrease. Therefore, the lift-curve slope is lower at the higher altitude. The 
lower lift-curve slope increases the divergence dynamic pressure. The results in Figure 
4.29 clearly show the variations of the aeroelastic boundaries with respect to the altitude 
under the standard atmosphere. Both reversal and divergence dynamic pressures increase 
with the increasing altitude. The post-reversal regime expands slightly at higher altitude. 
This gave insight to the flight limitation, although the models here are relatively simpler 
than the real cases. 
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Figure 4.27: Reynolds number versus altitude 
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Figure 4.28: Lift-curve slope versus Reynolds number (M∞ = 0.36) 
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Figure 4.29: Aeroelastic boundaries versus the altitude under standard atmosphere 
 
4.2.4 Numerical Results 
Up to now, the solid wings are used to all the models in DYMORE, which means 
more mass and stiffness are generated for the models. It is not realistic, especially for the 
rolling aircraft due to the trim analysis. That being the case, a simple design for the inner 
structures of a wing section is shown as Figure 4.30. In addition, more realistic materials 
are used to reduce the weight but increase the stiffness. Aluminum alloy 7075-T6 is used 
for the skin and spar. Aluminum 5052 Honeycomb is used for the core. 
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Figure 4.30: 2-cells inner structures for the wing section (NACA 0009) 
 
Table 4.7: Structural properties of the uniform wing 
Property Uniform Wing 
Axial Stiffness (lb) 
Bending Stiffness (lb-ft2) 
Torsional Stiffness (lb-ft2) 
Shearing Stiffness (lb) 
Sectional Mass (slug/ft) 
Mass Moment of Inertia (slug-ft) 
Chord (ft) 
Wingspan (ft) 
1.136107 
1.688105, 1.428108 
1.706104 
2.840107, 1.696107 
1.76310-1 
9.16910-3, 7.33210-5, 9.09510-3 
1.0 
10.0 
 
Based on the aeroelastic model in Section 4.2.1, the uniform wing’s structural 
properties are modified as Table 4.7. Following the same procedure for trim analysis, 
results for different components of the rolling moment versus the nondimensional 
operating dynamic pressure are shown in Figure 4.31. The rolling moment caused by the 
roll rate vanishes at the dynamic pressure equal to 157.59 lb/ft2, which means that the 
roll rate vanishes. This plot shows the operating dynamic pressure up to 70% of 
divergence dynamic pressure, since the aeroelastic instability must be avoided for a 
flying aircraft. 
Spar 
Core 
Skin 
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Figure 4.31: Variation of the components of the rolling moment versus 
 nondimensional operating dynamic pressure 
   (10-foot wingspan with inner structures design) 
 
The rolling axis is the longitudinal axis of the fuselage and it is positive going to the 
tail of the aircraft. The variation of roll rate versus nondimensional dynamic pressure up 
to 70% of divergence dynamic pressure is shown in Figure 4.32. Positive roll rate 
represents the right wing of the aircraft going upward and the left wing going downward. 
After the reversal occurs, the maximum roll rate achieves five times of that for the 
conventional operating regime, although it has opposite direction. 
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Figure 4.32: Steady roll rate versus nondimensional dynamic pressure 
    (10-foot wingspan with inner structures design) 
 
Next, the model above is investigated again by moving the horizontal hinge location 
of the aileron to 90% chord. Note that both the aerodynamic model in XFOIL and the 
structural model in DYMORE changed to make certain both models are consistent with 
each other. Results for different components of the rolling moment versus the 
nondimensional operating dynamic pressure are shown in Figure 4.33. The rolling 
moment caused by the roll rate vanishes at the dynamic pressure equal to 208.58 lb/ft2, 
which means that the roll rate vanishes. Comparing with the previous case, reversal 
dynamic pressure changed from moving the hinge to a different location. More details 
will be discussed in Chapter 6. As in the previous case, this plot shows the operating 
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dynamic pressure up to 70% of divergence dynamic pressure. 
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Figure 4.33: Variation of the components of the rolling moment versus nondimensional 
operating dynamic pressure (10-foot wingspan with inner structures 
design; hinge location at 90% chord) 
 
The variation of roll rate versus nondimensional dynamic pressure up to 70% of 
divergence dynamic pressure is shown in Figure 4.34. In this case, the maximum roll rate 
only achieves twice of that for the conventional operating regime after the reversal 
occurs. 
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Figure 4.34: Steady roll rate versus nondimensional dynamic pressure 
(10-foot wingspan with inner structures design; 
hinge location at 90% chord) 
 
 
4.3 Chapter Summary 
Two aeroelastic models are investigated in this chapter. They are uniform lifting 
surface with aileron and rolling aircraft with ailerons, respectively. Both aerodynamic 
and structural nonlinearities are considered in the models to more accurately evaluate the 
post-reversal regime. In addition, the maneuverability for a flying aircraft is discussed in 
Section 4.2.3. The effects of aileron deflection, Mach number, Reynolds number, as 
well as the altitude are investigated, and both divergence and reversal boundaries are 
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established based on a simple aeroelastic model. The more realistic case for rolling 
aircraft is presented in Section 4.2.4. Results show there are some effects of the structural 
design for this aeroelastic problem. More detailed studies for some structural parameters 
design will be described in Chapter 6. The analyses will focus on how these parameters 
influence the aileron effectiveness. Before that, there are the comparisons and 
verifications of the results between XFOIL, advanced CFD codes, and the experimental 
data for some special cases in Chapter 5. The objective for Chapter 5 is to verify the 
practicality of the previous results. 
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CHAPTER V 
 
COMPARISONS AND VERIFICATIONS BETWEEN 
XFOIL, CFD, AND EXPERIMENTAL DATA 
 
 
5.1 Two-Dimensional Airfoil Characteristics with/without Closed Trailing 
Edge 
XFOIL has the ability to do airfoil redesign through “Geometry Design Routine” for 
the models (see Appendix A). Airfoil can be modified by interactive specification of new 
geometric parameters such as leading-edge radius, trailing-edge thickness, and hinge 
locations. To verify the practicability of the airfoil characteristics from XFOIL and its 
ability for geometric design, the SC1095 airfoil, which is utilized in the UH-60A main 
rotor, is investigated for two different geometries with XFOIL and compared with the 
results shown in Ref. [105]. Figure 5.1 shows the lift coefficient with respect to angles of 
attack for the SC1095 airfoil from XFOIL compared with the results from advanced CFD 
codes. The results using the advanced CFD codes are provided by the first author of Ref. 
[105]. Smith in Georgia Tech used Cobalt LLC, Phanse in Georgia Tech used CFL3D, 
Army Aeroflightdynamics Directorate (AFDD) used OVERFLOW, Aviation Engineering 
Directorate (AED) used FUN2D, and Baeder in University of Maryland used TURNS as 
their CFD codes. In addition, the table look-up results are from Ref. [102]. The test 
conditions are set as Mach number equal to 0.4 and Reynolds number equal to 6.5 
million, which is consistent with the model in Ref. [105]. One curve from XFOIL is for 
the normal geometry of the airfoil, and the other is for the geometry with closed trailing 
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edge, and the geometries are shown as Figure 5.2.  
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Figure 5.1: Comparison of lift coefficient of SC1095 airfoil between XFOIL and CFD 
 
Figure 5.2: Different geometries of SC1095 airfoil from XFOIL 
Based on the range of angles of attack from -10° to 22°, XFOIL generates the lift 
coefficient up to 16°, which exceeds the stall angle of attack. Beyond 16°, the airfoil has 
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stalled, so the viscous/inviscid analysis of XFOIL is no longer physically appropriate to 
generate correct results. The curves from XFOIL have good agreement with the results 
from advanced CFD codes, except for the curves generated from University of Maryland 
and the data in Ref. [102]. There is less than 5% difference of the lift-curve slope 
between the two geometries in XFOIL, although the geometry with closed trailing edge 
will not be used in this dissertation since it is not practical. XFOIL can predict the lift 
coefficient well in the linear range, and even slightly beyond the stall angle of attack. 
Capturing the trends is sufficient for the approaches herein. 
 
 
5.2 The Variation of Lift-Curve Slope 
A more rigorous indication of XFOIL capabilities can be investigated by further 
comparison of the sectional lift characteristics in the linear regime. The lift-curve slope 
multiplied by the Prandtl-Glauert subsonic correction is weakly dependent upon 
Reynolds number for values above one million and independent of subcritical Mach 
number. Experimental data [71] has shown the corrected lift-curve slope to be a good 
indication. McCroskey proposed an equation for this relationship for the NACA 0012 
airfoil as 
 610Relog00485.01025.0 

 lpc                   (42) 
 
In the subsonic range 5.0M , lc  is given by Eqn. (42) to within %2 . 
Especially a good fit of the lift-curve slope data in the limited range 
76 102Re102   is given by Eqn. (42). Results from XFOIL are compared with the 
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experimental data, which is generated directly from Eqn. (42), and shown in Figures 5.3 
and 5.4. The trend of the curve agrees well with the experimental data in Figure 5.3, with 
less than 6% difference between two curves. Note that the dashed lines in Figure 5.3 
represent the reliable range of Eqn. (42), where Mach numbers are 0 and 0.5, respectively. 
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Figure 5.3: Comparison of lift-curve slope with Reynolds number ( M = 0.4) 
 
The variation of lift-curve slope is close to the experimental data. Although there is 
widening difference while increasing Mach number, the average 5% difference is still 
acceptable. Note that the dashed lines in Figure 5.4 represent the reliable range of Eqn. 
(42), where Reynolds numbers are 6102  and 7102 , respectively. 
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Figure 5.4: Comparison of lift-curve slope with Mach number (Re = 5,500,000) 
 
 
5.3 Wing-Aileron System with Varying Aileron Deflection 
To verify the accuracy of the data for the wing-aileron system from XFOIL, results 
for S7012 airfoil with three kinds of aileron deflection, 2.5, 5, and 10 degrees, are 
compared with the experimental data from University of Illinois at Urhana-Champaign 
(UIUC) which are recorded in Refs. [66] and [99]. Reynolds number is set to be 0.3 
million to be consistent to the models in UIUC, and results are shown in Figures 5.5, 5.6, 
and 5.7. 
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Figure 5.5: Comparison of lift coefficient of S7012 airfoil with 2.5 degree aileron 
deflection 
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Figure 5.6: Comparison of lift coefficient of S7012 airfoil with 5 degree aileron 
deflection 
 89 
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
-7 -5 -3 -1 1 3 5 7 9
Angle of Attack, deg
L
if
t 
C
o
e
ff
ic
ie
n
t 
  
a
CL_UIUC CL_XFOIL
 
Figure 5.7: Comparison of lift coefficient of S7012 airfoil with 10 degree aileron 
deflection 
 
Compared with the experimental data within the linear regime, XFOIL can predict 
the lift coefficient well and has less than 3% difference with the data from UIUC. 
Although XFOIL has the capability to predict the lift coefficient slightly beyond the stall 
angle of attack, results show the difference is getting larger with increasing aileron 
deflection in the nonlinear regime. For the lift-curve slope, XFOIL has only a 2% 
difference with the experimental data for the model with 2.5 degrees aileron deflection. 
While the aileron deflection increasing to 10 degrees, there is more than 6% difference 
between results from the two sources, and XFOIL is no longer reliable. The aileron 
deflection for most of the models in this dissertation is set to be 1 degree, and XFOIL 
can predict the aerodynamic coefficients very well. If the research is extended to the case 
with higher aileron deflection, the advanced CFD codes should replace XFOIL to 
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accurately build the aerodynamic model. 
 
 
5.4 Chapter Summary 
To verify the practicality of the results from XFOIL, three different approaches are 
executed to compare with CFD codes and the experimental data. First, in Section 5.1, the 
lift coefficient of SC1095 airfoil from XFOIL is verified with CFD codes, and XFOIL’s 
capability for geometric design is demonstrated there. Next, the lift-curve slope for 
NACA 0012 is indirectly compared with the experimental data by use of Eqn. (42) 
proposed by McCroskey, and the results are shown in Section 5.2. In Section 5.3, the 
wing-aileron system with different aileron deflection for S7012 airfoil is checked by the 
wind tunnel data generated from UIUC. Results show XFOIL is a good option to quickly 
generate the accurate data in the initial analyses, except for larger aileron deflection. 
Since the aileron deflection has been kept 1 degree for most of the models in this 
dissertation, a sufficiently accurate aerodynamic model can be developed for use in 
DYMORE based on XFOIL and experimental data. The parametric design based on this 
aerodynamic model for enhancement of roll maneuverability will be discussed in 
Chapter 6. 
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CHAPTER VI 
 
POST-REVERSAL PARAMETRIC DESIGN 
 
 
To enhance roll maneuverability by post-reversal design, the influence for aspect 
ratio of the wings is first checked based on the previous models. In addition, the direct 
method used for airfoil design in XFOIL allows ones to generate aerodynamic 
coefficients with respect to any geometry. The airfoil can be modified by interactive 
specification of new geometric parameters such as leading-edge radius, trailing-edge 
thickness, hinge locations, flap deflection, and airfoil dimension. Here hinge locations 
and the airfoil dimensions are selected as the design variables. The built-in airfoil, NACA 
0009, is chosen for these analyses. To simulate the more realistic wing sections, different 
airfoil inner structures and composite materials are investigated as well. The finite 
element based tools ANSYS and DYMORE are used for these purposes. 
The objective here is to show how these design variables affect the aeroelastic 
phenomena, such as divergence and reversal speeds as well as the static loading 
distribution over wings. The nonlinear analyses are implemented by using the aeroelastic 
models built in the nonlinear tool, DYMORE. Structural nonlinearities are included in 
the tool with geometrically-exact composite beam theory, and aerodynamic nonlinearities 
are included in the tool through look-up airtable with static stall model. To determine the 
effectiveness of the ailerons within the post-reversal regime, increasing the magnitude of 
rolling moment is chosen as the design metric for the cantilevered wing model and 
discussed in Section 6.1. On the other hand, increasing the magnitude of steady roll rate 
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is chosen as the design metric for the rolling aircraft model instead, and that will be 
discussed in Section 6.2. The same rolling axis is used to evaluate the aileron 
effectiveness for the two models, which is positive going backward from the origin of the 
coordinates system. The origin is located at the root of elastic axis of the wing. Note that 
aileron effectiveness can be quantified by normalizing it with the span of aileron to 
accurately compare different parametric design. 
 
6.1 Post-Reversal Behavior for Cantilevered Wing 
6.1.1 Aspect Ratio 
The aspect ratio is an important geometric property of a finite wing, denoted by  
and defined as 
 
S
l 2
                               (43) 
which l is the wingspan, and S is planform area. For the rectangular wings, the aspect 
ratio is equal to the span divided by chord. The same solid cantilevered wing model as 
used in Section 4.1.1, except with material properties of Aluminum alloy 7075-T6, is 
investigated with aspect ratios 10, 12.5, and 15. The chord for the wing section is equal 
to 1 foot, which means the wingspans and the associated ailerons are 10, 12.5, and 15 
feet, respectively. 
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Figure 6.1: Total lift generated up to 80% divergence dynamic pressure (  = 10) 
 
For a unit aileron deflection, the divergence dynamic pressure for the model with  
= 10 is 1436.08 lb/ft2, and reversal occurs at 626.69 lb/ft2 of dynamic pressure. The total 
lift generated up to 80% divergence dynamic pressure is shown in Figure 6.1. To make 
certain whether or not the model encountered stall, the tip rotation is checked and shown 
in Figure 6.2. The maximum tip twist in this case is only -0.54° with respect to the wing 
axis, which is far below the stall angle of attack for NACA 0009 airfoil. To evaluate the 
effectiveness of the ailerons, the resulting rolling moment up to 80% divergence 
normalized by the span of aileron is shown in Figure 6.3. Results show at 80% 
divergence, there is more than twelve times rolling moment produced by unit aileron 
deflection than that in the conventional regime. Note that a positive aileron deflection 
produces a positive rolling moment (chordwise axis is positive going to the trailing edge) 
to make the wing up before reversal, but produces the rolling moment in opposite sense 
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within the post-reversal regime instead. 
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Figure 6.2: Resulting tip rotation up to 80% divergence dynamic pressure (  = 10) 
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Figure 6.3: Aileron effectiveness versus nondimensional dynamic pressure (  = 10) 
44.0
D
R
q
q  
 95 
From the results shown in Figure 6.1, more than ten times the lift is generated than 
the regime before reversal. To check if the structures can sustain such high airloads, the 
stress analysis for the wing root is executed, since the root has the highest bending 
moment within the wing, and the results for Von Mises stress is shown in Figure 6.4. The 
highest stress is happened around the wing skin, and is below the yield stress for 
Aluminum 7075-T6, which is 1.15107 lb/ft2. Specially note if 80% divergence is the 
allowable operating dynamic pressure, which means the highest stress here is the 
allowable stress, the factor of safety, ns, is equal to 7 for this case. 
 
Figure 6.4: Von Mises stress at 80% divergence dynamic pressure 
for cantilevered wing (  = 10) 
 
For the  = 15 model, given a unit aileron deflection, the divergence dynamic 
pressure is 491.59 lb/ft2, and reversal occurs at 279.68 lb/ft2 of dynamic pressure. 
Similarly, the total lift generated up to 80% divergence is shown in Figure 6.5, and the 
associated tip rotation is shown in Figure 6.6. Again, the resulting rolling moment up to 
80% divergence normalized by the span of aileron is plotted as Figure 6.7. High aspect-
ratio wing is structurally more flexible than lower one, which means for them the 
aeroelastic phenomena are more significant. Divergence and reversal dynamic pressure 
will decrease for higher aspect-ratio wings, and tends to decrease the resulting airloads at 
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80% divergence dynamic pressure. The Von Mises stress for this case is shown in Figure 
6.8. Although the lower negative lift can be utilized during the post-reversal regime, the 
factor of safety is increased to 14.5. 
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Figure 6.5: Total lift generated up to 80% divergence dynamic pressure (  = 15) 
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Figure 6.6: Resulting tip rotation up to 80% divergence dynamic pressure (  = 15) 
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Figure 6.7: Aileron effectiveness versus nondimensional dynamic pressure (  = 15) 
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Figure 6.8: Von Mises stress at 80% divergence dynamic pressure 
for cantilevered wing (  = 15) 
 
Table 6.1 shows the comparisons between the three models investigated in this 
section. The post-reversal regime has shrunk for the  = 15 case, and the more 
negative rolling moment due to aileron deflection can be generated for  = 10 case. 
Within these three cases of high-aspect-ratio wings, aileron effectiveness is higher for the 
lower-aspect-ratio wings. The desired operating dynamic pressure can be increased for 
the higher aspect-ratio wings, since the resulting airloads are far below what the 
structures can sustain. For example,  = 10 case can generate higher negative lift at 
80% divergence which may result in two possible dangerous situations. Those are high 
stress distribution (beyond the yield stress of the materials) at the wing root and large tip 
rotation tending to encounter wing stall, respectively. Instead,  = 15 case can generate 
lower negative lift and result in smaller tip rotation at 80% divergence, which means one 
can increase the desired operating dynamic pressure for the case. Specially note that 
comparisons are made here with respect to 80% divergence for each case due to different 
width of the post-reversal regime for them. Rather than making the comparisons at the 
same dynamic pressure, using the dynamic pressure at the same ratio of divergence is a 
better option here since exploring the post-reversal behavior is the main purpose for this 
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study. Instead, if there is only small difference for the width of the post-reversal regime, 
the same operating dynamic pressure within the regime is a better reference to make the 
comparison. 
 
Table 6.1: Comparisons of aspect ratio for cantilevered wing 
80% Divergence Dynamic Pressure (lb/ft2) Aspect 
Ratio 
Reversal 
Dynamic Pressure 
(lb/ft2) 
Divergence 
Dynamic Pressure 
(lb/ft2) 
Lift 
(lb) 
Tip Rotation 
(deg) 
Aileron Effectiveness 
(lb-ft/ft) 
10.0 626.69 1436.08 -120.97 -0.54 -67.61 
12.5 402.74 801.43 -65.81 -0.46 -36.82 
15.0 279.68 491.59 -41.20 -0.41 -23.03 
Note: chord = 1 ft 
 
6.1.2 Hinge Location 
In XFOIL, the x-axis is chord-wise direction, the y-axis is flap-wise direction, and the 
origin is placed at the leading edge of the model. For the 1-foot chord, given Reynolds 
number 3106 and flap angle 1 degree, several horizontal hinge locations are investigated, 
and the range is from 0.7 to 0.925 ft from the leading edge. Three cases of the geometry 
with different horizontal hinge locations in XFOIL are shown in Figures 6.9, 6.10, and 
6.11. The aerodynamic coefficients generated are then put into the DYMORE model for 
 = 10 to build up full range angles of attack (  180180   ) for analyses. Results 
in Table 6.2 and Figure 6.12 show that aeroelastic boundaries change with varying the 
horizontal hinge locations due to effective camber changes. Indeed, from Figures 6.9 to 
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6.11, effective camber changes so that divergence and reversal dynamic pressures change 
because different airtables are used in DYMORE. 
 
 
Figure 6.9: Horizontal hinge location at 70% chord 
 
Figure 6.10: Horizontal hinge location at 80% chord 
 
Figure 6.11: Horizontal hinge location at 90% chord 
 
 
 101 
Table 6.2: Effects of horizontal hinge locations for critical speeds and 
aileron effectiveness for cantilevered wing 
Horizontal Hinge Location (ft) 0.7 0.725 0.75 0.775 0.8 
Reversal Dynamic Pressure (lb/ft2) 623.25 601.06 592.64 579.29 567.72 
Divergence Dynamic Pressure (lb/ft2) 1686.57 1692.24 1709.31 1717.87 1726.46 
Aileron Effectiveness (lb-ft/ft) -25.51 -30.25 -32.78 -36.03 -37.90 
Horizontal Hinge Location (ft) 0.825 0.85 0.875 0.9 0.925 
Reversal Dynamic Pressure (lb/ft2) 564.44 556.28 548.18 541.74 530.56 
Divergence Dynamic Pressure (lb/ft2) 1746.57 1761.01 1778.42 1810.56 1819.37 
Aileron Effectiveness (lb-ft/ft) -37.07 -35.55 -31.91 -25.92 -19.15 
Note: Operating Dynamic Pressure = 1000 lb/ft2 
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Figure 6.12: Aeroelastic boundaries versus horizontal hinge locations for cantilevered 
wing (operating dynamic pressure = 1000 lb/ft2) 
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Figure 6.13 shows how horizontal hinge location affects the trend of aileron 
effectiveness at 1000 lb/ft2 of operating dynamic pressure.  Again, the aileron 
effectiveness is defined as the resulting rolling moment normalized by the span of aileron. 
Results show the hinge location at 80% chord can generate the most rolling moment. 
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Figure 6.13: Aileron effectiveness versus horizontal hinge locations for cantilevered 
wing (operating dynamic pressure = 1000 lb/ft2) 
 
The total lift for each case up to 1000 lb/ft2 of operating dynamic pressure is plotted 
as Figure 6.14. The trend is a powerful evidence for the results shown in Figure 6.13. 
Negative lift creates negative rolling moment (rolling axis is positive going to the trailing 
edge), and the largest magnitude of lift results in the largest rolling moment for rolling. 
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Figure 6.14: Total lift versus horizontal hinge locations 
(operating dynamic pressure = 1000 lb/ft2) 
 
Suppose the aileron is extremely small as in Figure 6.11. Since only very small lift is 
generated by the aileron, the aeroelastic effect is very small. The wing then can be 
thought of as rigid. Thus, the optimum location is expected to be somewhere forward of 
the trailing edge. From Figure 6.13, the better horizontal hinge location to provide large 
rolling moment is around 80% chord for the model with NACA 0009 airfoil. 
Varying the vertical hinge location for thin airfoils does not strongly influence the 
aeroelastic of interest here. For the 1-foot chord of a NACA 0009 airfoil, the maximum 
thickness is only 1.08 inches. Similarly, the vertical dimension compared to the 
horizontal dimension for the aileron is extremely small. From Figure 6.15, the effective 
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moment arm, r, is equal to x if the vertical hinge is located at the mean camber line. 
Suppose the horizontal hinge location is kept constant but the vertical hinge location is 
slightly changed, say by dy, then the effective moment arm becomes 
 22 dyxr                             (44) 
Since dy is extremely small for a thin airfoil, then it follows that r ≈ x. Therefore, 
compared to the effect of the horizontal hinge location, varying the vertical hinge 
location of thin airfoils almost has no influence on the aeroelastic phenomena of interest 
here. Numerical results obtained (not presented here) confirm this. 
 
Figure 6.15: Schematic showing geometry of hinge location 
 
6.1.3 Airfoil Dimension 
Traditionally, more lift will be generated for larger planform area, which is 
proportional to the chord of the airfoil for rectangular wings. To investigate the effects of 
airfoil dimension to the aeroelastic problems, three different section dimensions are 
evaluated, which are 1.0, 1.25, and 1.5 foot chord, respectively. For all the cantilevered 
wing models with solid wing section and 15-foot wing span, the hinge is located at 80% 
chord line for each case with given Mach number 0.1, Reynolds number 3106, and 
x 
y 
Hinge Location 
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angle of attack 2 degrees. The geometries for the three models in XFOIL are shown in 
Figure 6.16. Note that three plots are in different scales, but the actual size of airfoil can 
be seen from the coordinates. 
 
Figure 6.16: Airfoil dimensions by keeping y/t constant 
Unlike the models in Section 6.1.1, aspect ratio changes by varying the chord but 
keeping the wing span constant. Results in Table 6.3 show the comparisons between 
three kinds of chord, resulting in three different aspect-ratio wings. Note that aileron 
effectiveness is defined as how much rolling moment can be generated up to 80% 
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divergence normalized by unit length of aileron here. From aerodynamic point of view, 
all the quantities of the aerodynamic parameters involved in the aeroelastic problems, 
such as lift and moment coefficients, are normalized by the product of dynamic pressure 
and planform area, which means theoretically there is hardly any influence on the 
reversal and divergence due to airfoil dimensions. The only effect is from the wing’s 
aspect ratio. The more 3D effects, like downwash velocity, happened at the wing tip, 
since the chord increases in this case. On the other hand, to make consistent to the 
aerodynamic models, the sectional properties also change with varying the chord, which 
tends to increase the stiffness for the lower aspect-ratio wing. The major factor of 
structural properties is torsional stiffness, and both reversal and divergence dynamic 
pressures increase with increasing torsional stiffness. Therefore, there are higher reversal 
and divergence, and wider post-reversal regime for the model with 1.5-foot chord. Also, 
higher negative lift and higher rolling moment per unit length of aileron can be generated 
for this case. Note the tip rotations for three models are acceptable and far below the stall 
angle of attack. The Von Mises stress at the wing root up to 80% divergence for three 
cases are shown as Figures 6.17, 6.18, and 6.19, and the associated factors of safety are 
14.5, 10.0, and 8.0, respectively. 
Table 6.3: Comparisons of airfoil dimension for cantilevered wing 
Chord (ft) 1.00 1.25 1.50 
 15 12 10 
Torsional Stiffness (lb-ft2) 23,900 58,350 121,000 
Reversal Dynamic Pressure (lb/ft2) 279.68 460.01 690.39 
Divergence Dynamic Pressure (lb/ft2) 491.59 895.82 1449.17 
Lift (lb) -36.41 -105.69 -234.07 
Tip Rotation (deg) -0.37 -0.43 -0.46 
80% Divergence 
Dynamic 
Pressure Aileron Effectiveness (lb-ft/ft) -20.33 -58.63 -129.00 
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Figure 6.17: Von Mises stress at 80% divergence dynamic pressure 
for 1-foot chord cantilevered wing 
 
Figure 6.18: Von Mises stress at 80% divergence dynamic pressure 
for 1.25-foot chord cantilevered wing 
 
Figure 6.19: Von Mises stress at 80% divergence dynamic pressure 
for 1.5-foot chord cantilevered wing 
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6.1.4 Wing Section Inner Structures 
Up to now, the solid wings are used for most of the models in DYMORE, except for 
the simple inner design of the wing discussed in Section 4.2.4. To simulate more realistic 
wings, the cases of inner design for the wing section with one to three cells are 
investigated [69]. Figure 6.20 shows the geometry for three inner designs. In addition, 
isotropic materials are used to reduce the weight but increase the stiffness [16, 20, 78]. 
Aluminum alloy 7075-T6 is used for the skin and spar. Aluminum 5052 honeycomb is 
used for the core [49]. 
 
Figure 6.20: Schematic showing of the wing section inner design 
 
Table 6.4 shows the comparisons between three inner designs for two cases of 
cantilevered wing model, which has 10-foot and 15-foot span, respectively. Note that 
aileron effectiveness is defined as how much rolling moment can be generated up to 80% 
divergence normalized by the span of aileron here. The sectional mass decreases with 
increasing cells, but the torsional stiffness increases instead due to stiffer material used in 
Spar Core 
Skin 
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the locations of the spar. With increasing torsional stiffness, both reversal and divergence 
dynamic pressures increase, and this agrees with the previous results. At 80% divergence, 
the higher torsional stiffness results in the wider post-reversal regime, the higher 
negative lift, and larger rolling moment per unit aileron deflection. On the other hand, 
comparing the same inner design between two spans, the magnitude of aileron 
effectiveness for the 10-foot case, which is structurally stiffer, is higher, and this agrees 
well with the previous results. To check if the models will encounter stall, the tip 
rotations at 80% divergence dynamic pressure are listed in Table 6.4. Also, Figure 6.21 
shows the associated Von Mises stress of the wing root for three cases. The maximum 
stress happened around the skin for all the cases, but still below the yield stress of 
Aluminum alloy 7075-T6. The associated factors of safety are 4.9, 4.6, and 3.8, 
respectively. 
Active Aeroelastic Wing Technology turns wing aeroelastic flexibility into a net 
benefit through use of multiple leading- and trailing-edge control surfaces. The main 
objective of this idea is to alleviate the weight penalty for the traditional design with the 
reinforcement of the wing structures. The weight of the wings can be dramatically 
decreased by multiple cells inner design, but the stiffness could be reduced in the 
meantime. To maintain the required stiffness of the wings, even higher, composite skin 
design, such as material choosing and layup design, will be discussed in the next section. 
  
 
 
 
 
 110 
Table 6.4: Comparisons of wing section inner design for cantilevered wing 
10 ft 15 ft  
1 Cell 2 Cells 3 Cells 1 Cell 2 Cells 3 Cells 
Sectional Mass (slug/ft) 0.28 0.18 0.08 0.28 0.18 0.08 
Torsional Stiffness (lb-ft2) 14,060 17,060 24,340 14,060 17,060 24,340 
Reversal Dynamic Pressure (lb/ft2) 368.89 448.25 635.36 164.54 199.87 284.31 
Divergence Dynamic Pressure (lb/ft2) 721.53 867.16 1196.14 266.01 320.27 449.71 
Lift (lb) -31.71 -37.17 -46.25 -11.53 -13.35 -17.39 
Tip Rotation (deg) -0.236 -0.227 -0.195 -0.192 -0.182 -0.163 
80% Divergence 
Dynamic 
Pressure Aileron 
Effectiveness 
(lb-ft/ft) 
 
-17.55 
 
-20.52 
 
-25.29 
 
-6.41 
 
-7.39 
 
-9.54 
 
Figure 6.21: Von Mises stress for different inner designs 
     at 80% divergence dynamic pressure 
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6.1.5 Composite Skin 
Until now, the isotropic material aluminum alloy 7075-T6 is used for the skin for all 
the models in DYMORE. To evaluate the influence of composite materials to the 
aeroelastic problems, the reinforcement of wing stiffness by layup design of the skin for 
the 15-foot cantilevered wing model is investigated. The roll maneuverability can be 
improved by increasing the torsional stiffness, and the torsional stiffness can be increased 
by varying ply angles without significant weight penalty, since the same materials are 
used. Table 6.5 shows four cases of composite skin designs [67, 79], and Figure 6.22 
shows the example of layups description for Case 1. As before, aluminum alloy 7075-T6 
is used for the skin and spar. Aluminum 5052 honeycomb is used for the core. The same 
ply thickness is used for all the models, and the color represented the same layup angle 
used for the layers in Figure 6.22. For example, Case 3 applied in Figure 6.22 means five 
30° plies are used for the pink layer, five -45° plies are used for the blue layer, and five 
30° plies are used for the purple layer. 
 
Table 6.5: Description of composite skin design 
 Layers Stacking Sequence Ply Thickness (in) 
Case 1 9 {[45]3, [-45]3, [45]3} 0.0053 
Case 2 9 {[30]3, [-45]3, [30]3} 0.0053 
Case 3 15 {[30]5, [-45]5, [30]5} 0.0053 
Case 4 30 {[30]10, [-45]10, [30]10} 0.0053 
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Figure 6.22: Schematic showing of composite skin design 
Same as before, aileron effectiveness is defined as how much rolling moment can be 
generated up to 90% divergence normalized by the span of aileron, and results are 
reported in Table 6.6. First, comparing between Cases 1 and 2, both reversal and 
divergence dynamic pressures increase with increasing the torsional stiffness, although 
the difference is small because only six layup angles changed. Also, the resulting rolling 
moment per unit length of aileron increases slightly for Case 2. Comparing between 
Cases 2, 3, and 4, the torsional stiffness increases significantly by adding more layers, 
and results in dramatic increases in both reversal and divergence dynamic pressure. The 
post-reversal regime which can be utilized has widened a lot as well. There is no rule for 
the value of aileron effectiveness in the three cases, because the aileron effectiveness is 
defined as how much rolling moment can be generated up to 90% divergence with 
respect to unit length of aileron. The tip rotation for Case 4 is less than that for Case 3, 
which means the less deformation for Case 4. Based on the constitute law, less 
deformation results from less airloads distribution. Therefore, the design for Case 4 
provides less rolling moment than Case 3, and the design for Case 3 can provide the most 
3 layers 
{45, 45, 45} 3 layers 
{-45, -45, -45} 
3 layers 
{45, 45, 45} 
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rolling moment with respect to unit length of aileron within four cases. Note that the tip 
rotation for the four cases is far below the stall angle of attack for NACA 0009 airfoil. 
 
Table 6.6: Comparisons of composite skin design for cantilevered wing 
15-foot Span Cantilevered Wing  
Case 1 Case 2 Case 3 Case 4 
Torsional Stiffness (lb-ft2) 16,880 17,000 43,830 72,530 
Reversal Dynamic Pressure (lb/ft2) 197.93 198.90 508.55 834.97 
Divergence Dynamic Pressure (lb/ft2) 317.81 320.27 819.10 1224.94 
Post-Reversal Regime (lb/ft2) 119.88 121.37 310.55 389.97 
Tip Rotation (deg) -0.205 -0.206 -0.207 -0.086 90% Divergence 
Dynamic 
Pressure 
Aileron Effectiveness 
(lb-ft/ft) 
-8.22 -8.32 -21.68 -16.21 
 
6.1.6 Aeroelastic Tailoring 
Aeroelastic tailoring is the design of wings using the directional properties of 
composite materials to optimize aeroelastic performance. Composite materials are 
anisotropic, which implies different material characteristics in different directions. It is 
easier to get insight of the behavior of composite wings by involving the bending-torsion 
coupling in the simple beam equation [47]. For anisotropic beams with bending-torsion 
coupling, the constitutive equation is 
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where S is the shear force, T is the twisting moment, M is the bending moment, K is the 
bending-torsion coupling stiffness (having the same dimensions as EI2 and GJ), GK3 is 
the shearing stiffness, and 2s  is the offset from the reference line to the shear center. A 
positive K means that a positive bending deflection will be accompanied by a nose-up 
twist, which is normally destabilizing for cases with the elastic axis behind the 
aerodynamic center. Supposing that the reference line is located at the locus of shear 
centers for the uniform wing, the divergence dynamic pressure is 
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where κ is the dimensionless parameter and it is 
 
GJEI
K
2
                             (47) 
 
With Eqn. (46) the divergence dynamic pressure can be determined with sufficient 
accuracy to ascertain its trend versus the elastic coupling parameter κ. To demonstrate the 
influence of the elastic coupling to the aeroelastic instability, the specific values of κ are 
substituted into Eqn. (46), and all the structural and aerodynamic properties are the same 
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as the uniform lifting surface model in Section 3.3.4. The analytical results are shown in 
Figure 6.23. Note that there is a limit to how much coupling can be achieved, as typically, 
5.0 . 
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Figure 6.23: The trends of divergence dynamic pressure versus 
the bending-torsion coupling (analytical results) 
 
From Figure 6.23, the plot represents the trends of divergence dynamic pressure with 
the reasonable range of κ. The red dashed line represents the boundary, which means 
crossing a regime in which divergence exists to one in which it does not, and κ is equal to 
-0.0313 here. Indeed, while κ is approaching this value from the right hand side, the 
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divergence dynamic pressure is getting larger and larger and finally the denominator of 
Eqn. (46) vanishes and the divergence becomes infinite. Also, beyond this line, the 
divergence dynamic pressure becomes negative. Thus in either case divergence is 
impossible. Reviewing Section 3.3.4, the bending-torsion coupling is involved by 
artificially adding the bending-torsion stiffness into the DYMORE aeroelastic model to 
evaluate the trends of divergence dynamic pressure herein, and the numerical results are 
shown in Figures 6.24. 
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Figure 6.24: The trends of divergence dynamic pressure versus the bending-torsion 
coupling (numerical results) 
 
Similarly, the reasonable divergence dynamic pressures with the specific values of κ 
are shown in this plot. From Figure 6.24, the higher bending-torsion coupling results in 
the lower divergence dynamic pressure. Therefore, the positive κ did destabilize for cases 
with the elastic axis behind the aerodynamic center, which agrees well with the previous 
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conclusion. Around the boundary for the divergence approaching the infinity, κ is equal 
to -0.035 in this case. The trend of the divergence dynamic pressure is similar to the 
analytical results, and the results show the negative κ can improve the aeroelastic 
instability. Specially note the purpose of this dissertation is to take advantage of the post-
reversal regime. The cases with the negative divergence dynamic pressure mean that no 
divergence occurs, but reversal still may occur. One can still have a post-reversal design 
for those cases. 
After illustrating the influence of the bending-torsion coupling to the aeroelastic 
instability, the focus is moved to how the elastic coupling affects aileron reversal. The 
model in Section 4.1 is investigated again with bending-torsion coupling. Figures 6.25 
and 6.26 represent the cases for 10-foot span and 15-foot span, respectively. 
Results show the negative bending-torsion coupling can improve the divergence 
dynamic pressure significantly, but the reversal dynamic pressure has almost no change 
with varying the elastic coupling. The resulting wider post-reversal regime can be 
utilized for the higher negative bending-torsion coupling. It is clear to check how much 
rolling moment per unit length of aileron can be generated at 80% divergence dynamic 
pressure shown in Figure 6.27. The more rolling moment can be generated by involving 
larger negative elastic coupling. Also higher level of aileron effectiveness can be 
achieved for lower-aspect-ratio wing, which agrees with the previous conclusion. To 
validate the results, the tip rotation at the highest dynamic pressure is -5.44 degrees for 
10-foot case and -2.84 degrees for 15-foot case, both of which are far below the stall 
angle of attack for NACA 0009. 
Specially note that the wing cross-sectional distortion is neglected in this study. 
Although VABS can report the in-plane warping resulting from the applied aerodynamic 
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loads, the change of the wing section shape is extremely small, of the order of the 
maximum strain and a characteristic length of the wing section, which is 1-foot chord in 
this study. Therefore, the change will be less than 0.1% relative to the undeformed shape 
of the wing section. Using the deformed shape back to XFOIL to update the aerodynamic 
coefficients, such as lift, moment, and drag coefficients used in this study, XFOIL cannot 
accurately capture the change in lift, drag, an pitching moment coefficients for such a 
small change in shape. Moreover, such small changes in the aerodynamic coefficients 
cannot significantly influence the results. To reach a level of cross-section deformation 
sufficiently large to measurably affect aerodynamic coefficients, special efforts must be 
undertaken to design the wing section for such deformation. An example of such a design 
is the chiral cellular materials discussed in [106]. Such additional study is appropriate for 
future work. 
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Figure 6.25: The trends of aeroelastic phenomena versus the bending-torsion coupling 
for cantilevered wing (wingspan = 10 ft) 
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Figure 6.26: The trends of aeroelastic phenomena versus the bending-torsion coupling 
for cantilevered wing (wingspan = 15 ft) 
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Figure 6.27: The aileron effectiveness versus the bending-torsion coupling 
for cantilevered wing (at 80% divergence) 
 
The approach here is to involve the bending-torsion coupling by artificially adding 
the bending-torsion stiffness into the aeroelastic model, which means the other structural 
properties, such as torsional stiffness, did not change. On the other hand, the tested 
model is uniform cantilevered wing, and the major factors affecting the aileron reversal 
are GJ and 
M
C as mention before. Therefore, the bending-torsion coupling did not 
influence the aileron reversal much, since these parameters are kept the same. 
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6.1.7 Airfoil Selection 
NACA 0009 airfoil is used for most of the models in XFOIL and DYMORE, except 
for the verifications presented in Chapter 5. To evaluate the effects of airfoil shape to the 
aeroelastic problems [19, 68, 96], several airfoils based on the literature [21, 98, 100, 
105] are chosen as the wing section in the 15-foot cantilevered wing model. To ensure 
the consistency between the aerodynamic and structural models, aerodynamic data from 
XFOIL and structural properties from VABS are put into DYMORE together to build up 
the aeroelastic model. The aerodynamic data is generated based on single airfoil with 3 
degrees of aileron deflection, where the hinge location is at 80% chord shown as Figures 
6.28, 6.29, and 6.30. Figure 6.28 shows five NACA airfoils selected for analysis with the 
deflected aileron, and Figure 6.29 shows five other airfoils selected for the analyses with 
the deflected aileron. Figure 6.30 shows the two NACA airfoils used for F/A-18, which 
are also investigated here. Besides, the structural properties are generated based on the 
associated airfoils with solid wing section. 
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Figure 6.28: Five kinds of NACA series airfoils (NACA 0009, NACA 0012, 
NACA 2415, NACA 6409, and NACA 63215) 
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Figure 6.29: Airfoils selection (Eppler387, RAE2822, S813, SC1094r8, and SC1095) 
 
Figure 6.30: F/A-18 airfoils (NACA 65A005 for root; NACA 65A003.5 for tip) 
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Results shown in Table 6.7 consist of aerodynamic characteristics and the 
investigations of aeroelastic phenomena for the different airfoils. The aileron 
effectiveness is defined as how much rolling moment can be provided with 3 degrees of 
aileron deflection normalized by the span of aileron at certain dynamic pressure. For the 
purpose of this dissertation, the lower reversal dynamic pressure and the higher 
divergence dynamic pressure are to be explored, which means the wider post-reversal 
regime and higher rolling moment can be utilized. Although the investigations here are 
just the initial analyses for the simple structural model, the results may provide guidance 
for future research about these aeroelastic phenomena. First, comparing NACA 0009 and 
NACA 0012, the latter has high lift-curve slope and smaller magnitude of 
M
C , so it has 
lower reversal and higher divergence dynamic pressures, which implies that it fits well 
with the objective. Second, NACA 2415 and NACA 63215 airfoils are not suitable 
choices for the enhancement of roll maneuverability because of less rolling moment can 
be generated within the post-reversal regime. Third, comparing between two airfoils used 
for F/A-18, NACA 65A005 and NACA 65A003.5, they have similar post-reversal 
regime, but the former one has slightly higher divergence and reversal dynamic pressures. 
Fourth, RAE 2822 airfoil has the smallest magnitude of 
M
C  within all the airfoils here, 
and the aircraft with RAE 2822 airfoil can get highest rolling moment (though negative) 
at 350 lb/ft2 of dynamic pressure. Lastly, RAE 2822, SC 1094r8, NACA 65A005, and 
NACA 65A003.5 airfoils are better options for the present study, since they can provide 
more rolling moment within the post-reversal regime. Note that for different definition of 
aileron effectiveness, the results may be different. In fact, each airfoil has its advantages 
from an aerodynamic point of view. The further analysis about the rolling aircraft model 
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will be discussed in Section 6.2.7. 
 
Table 6.7: Comparisons between airfoil selections for cantilevered wing 
Airfoil NACA 
0009 
NACA 
0012 
NACA 
2415 
NACA 
6409 
NACA 
63215 
Eppler 
387 
LC  6.23 6.44 6.37 6.26 6.36 6.44 Linear Regime 
MC  -0.68 -0.63 -0.61 -0.57 -0.61 -0.60 
Reversal Dynamic Pressure (lb/ft2) 287.81 275.09 278.53 287.81 285.48 284.31 
Divergence Dynamic Pressure (lb/ft2) 423.77 516.36 597.69 468.92 530.56 467.43 
Dynamic 
Pressure 
350 lb/ft2 
Aileron 
Effectiveness 
(lb-ft/ft) 
 
-26.14 
 
-23.27 
 
-17.93 
 
-20.84 
 
-18.68 
 
-23.02 
Airfoil RAE 
2822 
S 813 SC 
1094r8 
SC 
1095 
NACA 
65A005 
NACA 
65A003.5 
LC  6.09 5.43 6.57 6.54 6.55 6.41 Linear Regime 
MC  -0.53 -0.63 -0.67 -0.66 -0.63 -0.63 
Reversal Dynamic Pressure (lb/ft2) 279.68 267.14 279.68 279.68 276.23 275.09 
Divergence Dynamic Pressure (lb/ft2) 382.25 561.17 418.11 462.97 413.89 412.49 
Dynamic 
Pressure 
350 lb/ft2 
Aileron 
Effectiveness 
(lb-ft/ft) 
 
-43.81 
 
-20.43 
 
-32.94 
 
-25.59 
 
-35.64 
 
-35.69 
 
 
6.2 Post-Reversal Behavior for Rolling Aircraft 
6.2.1 Aspect Ratio 
Similarly, the same model for rolling aircraft with the solid wing section as Section 
4.2.2, i.e. given 1 degree of angle of attack and 1 degree of antisymmetric aileron 
deflection, is tested for three kinds of aspect ratio as Section 6.1.1. For rolling aircraft, it 
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is safer to operating the aircraft at lower dynamic pressure than the cantilevered wing 
case since it is closer to a practical case. Therefore, the desired operating dynamic 
pressure is assumed to be up to 70% divergence here. In order to check the variation for 
different rolling moment components clearly, Figure 6.31 only represents the dynamic 
pressure up to 60% divergence for  = 10 case. The divergence dynamic pressure for 
this case is 991.11 lb/ft2, and reversal occurs at 226.30 lb/ft2 of dynamic pressure. At 
70% divergence dynamic pressure, the steady roll rate can reach -6.51 deg/s as shown in 
Figure 6.32, and the associated Von Mises stress is shown as Figure 6.33. As usual, the 
highest stress is happened around the wing skin but still below the yield stress for 
Aluminum 7075-T6, which is 1.15107 lb/ft2. The factor of safety is 1.30 for the desired 
operating dynamic pressure in this case. 
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Figure 6.31: Variation of the components of the rolling moment up to 
60% divergence dynamic pressure (  = 10) 
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Figure 6.32: Steady roll rate versus nondimensional dynamic pressure 
(10-foot wingspan with solid wing section) 
 
Figure 6.33: Von Mises stress at 70% divergence dynamic pressure 
for rolling aircraft (  = 10) 
For the  = 15 model of rolling aircraft, the divergence dynamic pressure is 342.87 
lb/ft2, and reversal occurs at 82.42 lb/ft2 dynamic pressure. Similarly, in order to check 
the variation for different rolling moment components clearly, Figure 6.34 only 
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D
R
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represents the dynamic pressure up to 60% divergence for the  = 15 case. 
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Figure 6.34: Variation of the components of the rolling moment up to 
60% divergence dynamic pressure (  = 15) 
 
The steady roll rate can reach -3.30 deg/s at 70% divergence dynamic pressure as 
shown in Figure 6.35, and the associated Von Mises stress is shown as Figure 6.36. The 
highest stress is 7.47106 lb/ft2 for this case and the factor of safety can be 1.54 for the 
desired operating dynamic pressure. 
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Figure 6.35: Steady roll rate versus nondimensional dynamic pressure 
(15-foot wingspan with solid wing section) 
 
 
Figure 6.36: Von Mises stress at 70% divergence dynamic pressure 
for rolling aircraft (  = 15) 
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Table 6.8: Comparisons of aspect ratio for rolling aircraft 
70% Divergence Dynamic Pressure (lb/ft2) Aspect 
Ratio 
Reversal 
Dynamic 
Pressure 
(lb/ft2) 
Divergence 
Dynamic 
Pressure 
(lb/ft2) 
Tip Rotation 
for the Right 
Wing (deg) 
Trim Angle 
of Attack 
(deg) 
Roll Rate, 
p (deg/s) 
Aileron 
Effectiveness, 
(deg/s-ft) 
10.0 226.30 991.11 3.057 4.021 -6.51 -0.33 
12.5 127.30 582.61 3.624 4.725 -4.51 -0.18 
15.0 82.42 342.87 4.099 4.866 -3.30 -0.11 
Note: chord = 1 ft 
 
Table 6.8 shows the comparisons for the rolling aircraft with different aspect ratio. 
Obviously, the post-reversal regime has shrunk for the  = 15 case, and the aileron 
effectiveness, which is defined as how much roll rate can be generated up to 70% 
divergence normalized by the span of aileron, is lowest within three cases. The model 
with  = 10 can generate highest roll rate for aircraft rolling. This agrees with the 
results for cantilevered wing model. 
 
6.2.2 Hinge Location 
For the rolling aircraft model, several horizontal hinge locations are investigated, and 
the range is from 0.7 to 0.95 ft from the leading edge. The aerodynamic coefficients 
generated are then put into the DYMORE model for  = 10 to build up full range 
angles of attack (  180180   ) for analyses. Results in Table 6.9 show that 
aeroelastic boundaries change with varying the horizontal hinge locations because 
effective camber changes. The changing of effective camber results in the changing of 
divergence and reversal dynamic pressures due to different airtables used in DYMORE. 
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Table 6.9: Effects of horizontal hinge locations for critical speeds and 
aileron effectiveness for rolling aircraft 
Horizontal Hinge Location (ft) 0.7 0.75 0.8 0.85 0.9 0.95 
Reversal Dynamic Pressure 
(lb/ft2) 
409.16 551.77 621.99 671.99 637.98 399.52 
Divergence Dynamic 
Pressure (lb/ft2) 
1499.48 1520.92 1526.31 1572.45 1622.06 1470.25 
Trim Angle of Attack (deg) 4.546 4.622 4.763 4.930 5.225 5.190 
Aileron Effectiveness (deg/s-ft) -0.66 -0.44 -0.35 -0.25 -0.21 -0.25 
Note: Operating Dynamic Pressure = 1000 lb/ft2 
Figure 6.37 shows how horizontal hinge location affects aeroelastic boundaries. 
Indeed, effective camber of an airfoil changes with respect to different hinge location, 
which tends to affect aerodynamic coefficients used for the airtable in DYMORE. Figure 
6.38 shows the variation for different rolling moment components up to 80% divergence 
for the model with horizontal hinge location at 70% chord, and the resulting roll rate is 
shown as Figure 6.39. Comparing the six cases in Table 6.9, aileron effectiveness, 
defined as how much roll rate can be generated at 1000 lb/ft2 of operating dynamic 
pressure normalized by the span of aileron, versus hinge location is plotted as Figure 
6.40. Unlike cantilevered wing, the hinge location at 70% chord can generate the most 
roll rate for rolling. Note again for different definition of aileron effectiveness, the results 
may be different. Aileron effectiveness is determined by using the resulting rolling 
moment for the cantilevered wing. Instead, aileron effectiveness is determined by the 
combination of three different sources of rolling moment for the rolling aircraft case, and 
the moment is caused by rigid aileron deflection, elastic wing twist, and roll rate, 
respectively. In addition, rather than reversal occurs while the rolling moment vanishes 
for the cantilevered wing case, reversal occurs while the moment resulting from the roll 
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rate vanishes for the rolling aircraft case. 
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Figure 6.37: Aeroelastic boundaries versus horizontal hinge locations for rolling aircraft 
(operating dynamic pressure = 1000 lb/ft2) 
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Figure 6.38: Variation of the components of the rolling moment up to 80% divergence 
dynamic pressure (horizontal hinge location at 70% chord) 
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Figure 6.39: Steady roll rate versus nondimensional dynamic pressure 
(horizontal hinge location at 70% chord) 
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Figure 6.40: Aileron effectiveness versus horizontal hinge locations for rolling 
aircraft (operating dynamic pressure = 1000 lb/ft2) 
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6.2.3 Airfoil Dimension 
More lift will be generated for larger planform area, which tends to create more 
rolling moment for a flying aircraft while deflecting ailerons antisymmetrically. Same as 
cantilevered wing case, to investigate the effects of airfoil dimension to the aeroelastic 
problems, three different section dimensions are evaluated, which are 1.0, 1.25, and 1.5 
foot chord, respectively. For all the rolling aircraft models with solid wing section and 
15-foot wing span, the hinge is located at 80% chord line with given Mach number 0.1, 
Reynolds number 3106, and angle of attack 2 degrees. 
Aspect ratio changes due to varying the chord but keeping the wing span constant. 
Figure 6.41 shows the variation for different rolling moment components up to 80% 
divergence for the model with 1.25-foot chord, and the resulting roll rate is shown as 
Figure 6.42. Table 6.10 shows the comparisons between three kinds of chord, resulting in 
three different aspect-ratio wings. From aerodynamic point of view, the only effect is 
from the wing’s aspect ratio. The more 3-D effects, like downwash velocity, happened at 
the wing tip, since the chord increases in this case. On the other hand, the sectional 
properties are updated with varying the chord, and that tends to increase the stiffness for 
the lower aspect-ratio wing. As the previous conclusion, both reversal and divergence 
dynamic pressures increase with increasing torsional stiffness. Therefore, there are 
higher reversal and divergence, and wider post-reversal regime for the model with 1.5-
foot chord. In addition, higher negative roll rate per unit length of aileron, which makes 
the aircraft perform negative rolling with respect to the rolling axis, can be generated for 
the model with 1.5-foot chord. Note the tip rotations of both wings for three models are 
acceptable and far below the stall angle of attack. 
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Figure 6.41: Variation of the components of the rolling moment up to 80% divergence 
dynamic pressure (1.25-foot chord) 
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Figure 6.42: Steady roll rate versus nondimensional dynamic pressure 
(1.25-foot chord) 
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Table 6.10: Comparisons of airfoil dimension for rolling aircraft 
Chord (ft) 1.00 1.25 1.50 
 15 12 10 
Torsional Stiffness (lb-ft2) 23,900 58,350 121,000 
Reversal Dynamic Pressure (lb/ft2) 99.26 261.66 579.23 
Divergence Dynamic Pressure (lb/ft2) 342.87 840.96 1638.77 
Tip Rotation, deg (right wing) 3.419 3.456 3.215 
Trim Angle of Attack (deg) 5.718 5.773 5.370 
80% Divergence 
Dynamic 
Pressure 
Aileron Effectiveness (deg/s-ft) -0.068 -0.103 -0.105 
 
6.2.4 Wing Section Inner Structures 
So far, the solid wings are used to most of the rolling aircraft models, except for the 
simple inner design of the wing discussed in Section 4.2.4. To simulate more realistic 
wings, the same cases of inner design for the cantilevered wing model are investigated. 
In addition, isotropic materials are used to reduce the weight but increase the stiffness 
[16, 20, 78]. Aluminum alloy 7075-T6 is used for the skin and spar. Aluminum 5052 
honeycomb is used for the core [49]. 
Table 6.11 shows the comparisons between three inner designs for two cases of 
rolling aircraft model, which has 10-foot and 12.5-foot span, respectively. The sectional 
mass decreases with increasing cells, but the torsional stiffness increases instead due to 
stiffer material used in the locations of the spar. Results show both reversal and 
divergence dynamic pressures increase with increasing torsional stiffness. Unlike the 
cantilevered cases, at 80% divergence, the model with one cell has higher negative roll 
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rate per unit length of aileron due to larger tip rotation. But by comparing the same inner 
design between two spans, the magnitude of aileron effectiveness for the 10-foot case, 
which is structurally stiffer, is higher, and this agrees well with the previous results. To 
check if the models will encounter stall, the tip rotations for the right wing at 80% 
divergence dynamic pressure are listed in Table 6.11. 
Active Aeroelastic Wing Technology turns wing aeroelastic flexibility into a net 
benefit through use of multiple leading- and trailing-edge control surfaces. The main 
objective of this idea is to alleviate the weight penalty for the traditional design with the 
reinforcement of the wing structures. The weight of the wings can be dramatically 
decreased by multiple cells inner design, but the stiffness could be reduced in the 
meantime. To maintain the required stiffness of the wings, even higher, composite skin 
design, such as material choosing and layup design, will be discussed in the next section. 
Table 6.11: Comparisons of wing section inner design for rolling aircraft 
10 ft 12.5 ft   
1 Cell 2 Cells 3 Cells 1 Cell 2 Cells 3 Cells 
Sectional Mass (slug/ft) 0.28 0.18 0.08 0.28 0.18 0.08 
Torsional Stiffness (lb-ft2) 14,060 17,060 24,340 14,060 17,060 24,340 
Reversal Dynamic Pressure (lb/ft2) 164.61 202.27 290.85 93.63 114.34 163.67 
Divergence Dynamic Pressure 
(lb/ft2) 
351.87 418.11 556.28 214.76 255.99 342.87 
Tip Rotation, deg 
(right wing) 
-1.500 -1.467 -1.360 -1.875 -1.736 -1.575 
Trim Angle of 
Attack (deg) 
2.742 2.886 2.931 3.215 3.386 3.438 
 
80% 
Divergence 
Dynamic 
Pressure Aileron 
Effectiveness 
(deg/s-ft) 
 
-0.0313 
 
-0.0308 
 
-0.0239 
 
-0.0227 
 
-0.0181 
 
-0.0128 
 138 
6.2.5 Composite Skin 
To evaluate the influence of composite materials to the aeroelastic problems, the 
reinforcement of wing stiffness by layup design of the skin for the rolling aircraft model 
is investigated. Use the same composite materials and the same composite skin designs 
shown in Table 6.5. 
First, comparing between Cases 1 and 2 in Table 6.12, both reversal and divergence 
dynamic pressures increase with increasing the torsional stiffness, although the 
difference is small because only six layup angles changed. Comparing between Cases 2, 
3, and 4, the torsional stiffness increases significantly by adding more layers, and results 
in dramatic increases in both reversal and divergence dynamic pressure. The post-
reversal regime which can be utilized has widened a lot as well. Here the aileron 
effectiveness is defined as how much roll rate can be generated for unit length of aileron. 
Results up to 70% divergence show Case 3 can provide highest roll rate within the four 
cases, although its torsional stiffness is not highest. To evaluate if the structural design 
can sustain such high airloads generated during the post-reversal regime, the stress 
distribution for the four cases is shown in Figure 6.43. Although the highest stress 
happened in the four cases is below the yield stress of aluminum alloy 7075-T6, the 
highest stress for Case 4 is extremely close to the yield stress. It is a dangerous structural 
design, and the better choice of composite material should be investigated in the future. 
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Table 6.12: Comparisons of composite skin design for rolling aircraft 
10-foot Span Rolling Aircraft  
Case 1 Case 2 Case 3 Case 4 
Torsional Stiffness (lb-ft2) 16,880 17,000 43,830 72,530 
Reversal Dynamic Pressure (lb/ft2) 205.02 206.61 552.79 951.10 
Divergence Dynamic Pressure (lb/ft2) 423.77 425.19 1100.35 1608.20 
Post-Reversal Regime (lb/ft2) 218.75 218.58 547.56 657.10 
Trim Angle of Attack (deg) 2.664 2.657 2.659 2.457 70% Divergence 
Dynamic Pressure Aileron Effectiveness (deg/s-ft) -0.048 -0.047 -0.066 -0.035 
 
Figure 6.43: Stress distribution for different composite skin designs 
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6.2.6 Aeroelastic Tailoring 
To achieve the more realistic case, the flying aircraft model in Section 4.2.2 is 
evaluated again by involving the bending-torsion coupling. Figures 6.44 and 6.45 show 
the numerical results for the aeroelastic phenomena and the aileron effectiveness versus 
the elastic coupling. Note that, same as before, the aileron effectiveness is defined as 
how much roll rate can be generated for unit length of aileron. 
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Figure 6.44: The aeroelastic phenomena versus the bending-torsion coupling 
for rolling aircraft 
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Figure 6.45: The aileron effectiveness versus the bending-torsion coupling 
for rolling aircraft (at 70% divergence) 
Results show that both the divergence and reversal dynamic pressures changed 
significantly with varying the elastic coupling. Unlike the cantilevered wing case, the 
post-reversal regime shrank with increasing negative value of κ. To well explain the 
results, the rolling moment caused by the elastic twist for different negative value of κ is 
recorded as shown in Figure 6.46. The total rolling moment caused by the elastic twist 
decreases with increasing the negative value of κ. During the rolling, the bending-torsion 
coupling did improve the performance on one wing but deteriorate the performance on 
the other wing instead, since both the wings have the same structural properties. For 
certain rolling moment caused by the aileron deflection, the lower negative rolling 
moment caused by the elastic twist results in the higher negative moment caused by the 
roll rate required for the rolling, and tends to delay the occurrence of the aileron reversal. 
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Although delaying the occurrence of the aileron reversal is good for the conventional 
aircraft design, it is not the purpose for this dissertation. Indeed, the higher reversal 
dynamic pressure shrank the post-reversal regime, and tends to decrease the magnitude 
of aileron effectiveness after reversal. 
The results here provide insight into aeroelastic tailoring wings. Although aeroelastic 
tailoring can improve the aeroelastic instability significantly, its benefit to delay the 
reversal may disobey the objective of AAW technology. The designers should be careful 
to involve the aeroelastic tailoring into the wings design, since both wings of an aircraft 
have the same structural design, and the antisymmetric design for an aircraft is not 
realistic and allowable for the conventional aircraft design. 
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Figure 6.46: The rolling moment caused by the elastic twist for various values 
of bending-torsion coupling 
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6.2.7 Airfoil Selection 
Similarly, to evaluate the effects of airfoil shape to the aeroelastic problems [19, 68, 
96], the same airfoils as Section 6.1.7 are chosen as the wing section in the 10-foot 
rolling aircraft model. To ensure the consistency between the aerodynamic and structural 
models, aerodynamic data from XFOIL and structural properties from VABS are put into 
DYMORE together to build up the aeroelastic model. The aerodynamic data is generated 
based on single airfoil with 3 degrees of aileron deflection, where the hinge location is at 
80% chord. The structural properties are generated based on the associated airfoils with 
solid wing section. 
Results shown in Table 6.13 consist of aerodynamic characteristics and the 
investigations of aeroelastic phenomena for the different airfoils. Note that the aileron 
effectiveness here is defined as how much roll rate can be generated with 3 degrees of 
antisymmetric aileron deflection normalized by the span of aileron. The aileron 
effectiveness with respect to two kinds of bases is discussed, that are at certain dynamic 
pressure and at 90% divergence of each airfoil, respectively. For the purpose of this 
dissertation, the lower reversal dynamic pressure and the higher divergence dynamic 
pressure are to be explored, which means the wider post-reversal regime and higher roll 
rate can be utilized. First, comparing NACA 0009 and NACA 0012, the latter has high 
lift-curve slope and smaller magnitude of 
M
C , so it has wider post-reversal regime, 
which implies that it fits well with the objective. Second, NACA 2415 and NACA 63215 
airfoils are not suitable choices for the purpose of this study. Although both of them have 
higher divergence dynamic pressure, their reversal dynamic pressures are higher as well. 
While operating the aircraft at 730 lb/ft2 of dynamic pressure, the aircraft with these two 
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airfoils has not encountered the roll reversal, which means the associated roll rates still 
make the aircraft roll positively and that contradicts the purpose of this research. On the 
other hand, operating the aircraft at 90% divergence, the aircraft with these two airfoils 
cannot get enough roll rate, even for the case with NACA 2415 airfoil, the magnitude of 
roll rate is less than that before reversal. Third, comparing between two airfoils used for 
F/A-18, NACA 65A005 and NACA 65A003.5, they have similar post-reversal regime, 
but the former one has higher divergence and reversal dynamic pressures. Fourth, RAE 
2822 airfoil has the smallest magnitude of 
M
C within all the airfoils here, and the 
aircraft with RAE 2822 airfoil can get highest roll rate (though negative) at 730 lb/ft2 of 
dynamic pressure. Lastly, at 90% divergence, NACA 0012, RAE 2822, S 813, and 
NACA 65A003.5 airfoils are better choices for the present study, since they can generate 
higher aileron effectiveness. Note that the comparison with respect to 90% divergence is 
a better option to investigate the post-reversal behavior, since a couple of airfoils have 
not encountered reversal at 730 lb/ft2 of dynamic pressure. Although to investigate the 
post-reversal behavior for the two airfoils, the desired operating dynamic pressure can be 
increased, some of the airfoils may encounter aeroelastic instability instead. 
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Table 6.13: Comparisons between airfoil selections for rolling aircraft 
Airfoil NACA 
0009 
NACA 
0012 
NACA 
2415 
NACA 
6409 
NACA 
63215 
Eppler 
387 
LC  6.23 6.44 6.37 6.26 6.36 6.44 Linear Regime 
MC  -0.68 -0.63 -0.61 -0.57 -0.61 -0.60 
Reversal Dynamic Pressure (lb/ft2) 590.96 725.24 922.86 670.60 785.89 686.77 
Divergence Dynamic Pressure (lb/ft2) 836.96 1032.79 1278.61 933.36 1077.60 937.58 
Trim Angle of 
Attack (deg) 
4.007 4.548 4.964 4.254 4.603 4.304  
Dynamic 
Pressure 
730 lb/ft2 
Aileron 
Effectiveness 
(deg/s-ft) 
 
-0.194 
 
-0.007 
 
0.103 
 
-0.066 
 
0.042 
 
-0.047 
Trim Angle of 
Attack (deg) 
4.314 4.085 3.902 4.138 4.007 4.173  
90% 
Divergence Aileron 
Effectiveness 
(deg/s-ft) 
 
-0.103 
 
-0.115 
 
-0.091 
 
-0.095 
 
-0.086 
 
-0.080 
Airfoil RAE 
2822 
S 813 SC 
1094r8 
SC 
1095 
NACA 
65A005 
NACA 
65A003.5 
LC  6.09 5.43 6.57 6.54 6.55 6.41 Linear Regime 
MC  -0.53 -0.63 -0.67 -0.66 -0.63 -0.63 
Reversal Dynamic Pressure (lb/ft2) 490.06 500.81 607.85 679.56 587.61 562.81 
Divergence Dynamic Pressure (lb/ft2) 738.30 995.46 832.98 927.05 821.08 809.26 
Trim Angle of 
Attack (deg) 
3.719 4.312 4.074 4.302 4.046 3.987  
Dynamic 
Pressure 
730 lb/ft2 
Aileron 
Effectiveness 
(deg/s-ft) 
 
-0.510 
 
-0.217 
 
-0.179 
 
-0.054 
 
-0.216 
 
-0.260 
Trim Angle of 
Attack (deg) 
4.620 3.962 5.036 4.211 4.436 4.440  
90% 
Divergence Aileron 
Effectiveness 
(deg/s-ft) 
 
-0.141 
 
-0.325 
 
-0.082 
 
-0.077 
 
-0.096 
 
-0.115 
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6.3 Chapter Summary 
To enhance the roll maneuverability by using post-reversal design, some parameters 
associated with aeroelastic problems are investigated in this chapter. The parameter 
choices are based on the capability of tools used in the research reported in this 
dissertation. The wing section inner structures, composite skin, and aeroelastic tailoring 
are more related to the structural design, whereas all the other parameters investigated 
herein are involved with both aerodynamic and structural models. These include aspect 
ratio, hinge locations, airfoil dimension, and airfoil selection, respectively. Chapter 6 
provided some guidance to improve the roll maneuverability by post-reversal design. For 
further analyses, more advanced aerodynamic models and more realistic and complex 
aeroelastic models should be involved. 
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CHAPTER VII 
 
CONCLUSIONS AND FUTURE WORK 
 
 
The concept of getting higher lift from a reversed control surface is not new. 
Unfortunately, there is no published work addressing this issue with aerodynamic and 
structural nonlinearities. In the present research, both aerodynamic and structural 
nonlinearities are involved in two different models, lifting surface and rolling aircraft. 
This chapter summarizes the conclusions of the work and suggests possible areas of 
additional research. 
 
7.1 Conclusions 
Unlike most published work, such as Active Aeroelastic Wing (AAW) program, to 
discuss this problem, the present research proposes to investigate post-reversal behavior 
of high-aspect-ratio wings with geometrically-exact structural nonlinearities and an 
appropriate level of aerodynamic nonlinearities. In these approaches, a high-aspect-ratio 
cantilevered wing-aileron system modeled with geometrically-exact composite beam 
theory [46] and a static stall model for the aerodynamics is first established to 
demonstrate that there are configurations that reverse at a relatively low dynamic pressure 
and fly with enhanced (though backward) controls at a higher level of effectiveness than 
can be achieved in with the conventional sign of controls. Moreover, and more important, 
a model for a flying aircraft in a rolling maneuver is used to further investigate the 
problem. Both models are involved with aerodynamic and structural nonlinearities to 
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evaluate the post-reversal behavior. These approaches overcome the main shortcomings 
in AAW program, namely that the wing stalled before it would actually reverse. 
To illustrate the aeroelastic phenomena, Chapter 2 introduce the aileron reversal 
problem through the model of rigid wings with a flexible support. These idealized 
configurations do give some insight into the aeroelastic stability and response, but 
practical analyses must take flexibility of the lifting surface into account. 
For the purpose of this research, Chapter 3 introduced the tools used for the nonlinear 
analyses, which are XFOIL, a panel method code, and DYMORE, a finite element based 
multibody dynamic code. Using XFOIL and with the auxiliary experimental data, 
aerodynamic nonlinearities are involved in nonlinear aeroelastic model built in 
DYMORE. This is the main approach used herein to implement the idea of improving 
roll maneuverability by using post-reversal design. 
In Chapter 4, two aeroelastic models are investigated, namely a uniform cantilevered 
lifting surface with aileron and a rolling aircraft with ailerons. Both aerodynamic and 
structural nonlinearities are considered in the models to more accurately evaluate the 
post-reversal regime. In addition, the maneuverability for a flying aircraft is discussed in 
this chapter, along with effects of aileron deflection, Mach number, Reynolds number, as 
well as the altitude. Both divergence and reversal boundaries are established. The 
objective for Chapter 5 is to ensure the practicality of the previous results. Results based 
on XFOIL, advanced CFD codes, and experimental data for some special cases are 
obtained and validated therein.  
Lastly and most importantly, Chapter 6 investigates some parameters associated with 
the aeroelastic problems to enhance the roll maneuverability within the post-reversal 
regime. The parameter choices are based on the capability of tools in this dissertation. 
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Except for the wing section inner structures, composite skin, and aeroelastic tailoring are 
more related to the structures, all the other parameters evaluated are involved with both 
aerodynamic and structural models. These include aspect ratio, hinge locations, airfoil 
dimension, and airfoil selection. Finally some guidance is provided to improve the roll 
maneuverability by post-reversal design for the future research. 
After a series of systematic approaches, conclusions are made as the following: 
1 A higher lever of aileron effectiveness can be achieved in the post-reversal regime. 
2 Large aileron deflection influences aeroelastic boundaries a lot due to camber’s 
change with varying aileron deflection. Higher aileron deflection results in 
dramatic shrinkage of the post-reversal regime. 
3 For the high-aspect-ratio wings tested herein, lower aspect ratio can widen the 
post-reversal regime, and tends to generate higher lever of aileron effectiveness to 
be utilized. 
4 Horizontal hinge location affects aeroelastic phenomena a lot, but vertical hinge 
location does not, especially for thin airfoils. The optimal hinge location depends 
on the airfoil. For cantilevered wing case, it is located at 80% chord for NACA 
0009 based on the resulting rolling moment normalized by the span of aileron. 
Instead, for rolling aircraft case, it is located at 70% chord for NACA 0009 based 
on the resulting roll rate normalized by the span of aileron. 
5 Airfoil dimension influences aeroelastic phenomena structurally, not 
aerodynamically. The major factors are the changes of aspect ratio and torsional 
stiffness due to the enlargement of the chord but keeping the same length of 
wingspan. 
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6 The purpose of reducing weight can be achieved by wing section inner design, 
but composite skin design must be undertaken to ensure the stiffness is 
sufficiently large to improve control surface effectiveness. 
7 Involving bending-torsion coupling can significantly improve aileron 
effectiveness for the cantilevered wing model due to the divergence dynamic 
pressure gets higher, even to infinity. 
8 Each airfoil is designed for different purpose based on aerodynamic point of view. 
For the present study, the airfoil with smaller lift-curve slope and smaller 
magnitude of 
M
C is a good option to enhance roll maneuverability within the 
post-reversal regime, since smaller lift-curve slope makes divergence higher and 
smaller magnitude of 
M
C makes higher level of aileron effectiveness after 
reversal. 
 
 
7.2 Contributions 
The main contributions of the present work toward enhancing roll maneuverability by 
using post-reversal design with sufficient accuracy are the following: 
1 Provide insight into aeroelastic problems by introducing the aileron reversal for a 
typical section with linear aerodynamic and structural analysis. 
2 Illustrate that XFOIL and DYMORE are reliable tools to involve both 
aerodynamic and structural nonlinearities into the aeroelastic problem. 
3 Develop the computing scheme for the airfoil with leading-edge flap based on 
Peters’ finite-state induced flow model. 
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4 Demonstrate configurations that reverse at relatively low dynamic pressures and 
fly with enhanced controls at a higher level of effectiveness than can be achieved 
with the conventional sign of controls. The results may have important 
implications for development of highly maneuverable aircraft. 
5 Establish the divergence and reversal boundaries associated with aileron 
deflection, Mach number, Reynolds number, as well as altitude based on a simple 
aeroelastic model. The results provide the ideas to improve the maneuverability of 
a flying aircraft. 
6 Verify the practicality of the results from XFOIL, in three different approaches 
which are executed to compare with CFD codes and experimental data. These 
approaches consist of comparisons for lift coefficient, lift-curve slope, and 
aerodynamic characteristics for the wing-aileron system with different aileron 
deflection. Results show XFOIL is a good option to quickly generate the accurate 
data in the initial analyses and provide a warning of inaccuracy for larger aileron 
deflections. 
7 Evaluate the effects of some aerodynamic and structural parameters to the 
aeroelastic problems. The results provide suggestions for follow-on research 
related to the AAW flight program. The parametric designs include the wing 
aspect ratio, aileron hinge locations, airfoil dimension, wing section inner 
structures, composite skin, aeroelastic tailoring, and airfoil selection. 
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7.3 Recommendations for Future Work 
Although much has been investigated based on the nonlinear approach utilized for 
this work, there are still some additional points that need to be studied. In addition, the 
aeroelastic models need to be improved by involving more advanced aerodynamic 
models and more complex structural models. The present work can be considered as the 
very beginning step of a general construction of aeroelastic models to address the post-
reversal behavior of a rolling aircraft. However, because the concept is still under 
demonstration, some independent work is needed to verify the idea. To complete the 
present research, which tends to lead more research about this area, a number of future 
tasks can be performed: 
1 To validate the results presented here with more advanced CFD codes instead of 
XFOIL, although XFOIL can quickly generate the required aerodynamic data. 
XFOIL is no longer reliable for the models with high aileron deflection due to 
flow separation, since the code is based on a linear panel method. 
2 The urgent work to extend the results for the maneuverability here is to investigate 
how large aileron deflection can be performed at some specific conditions with 
more advanced aerodynamic models. Related work consists of increasing the 
predictive capability and the realism of both aerodynamic and structural models. 
3 The trim analysis in this dissertation is not realistic, because not all force and 
moment equations of equilibrium for the flying aircraft are considered. Although 
the analysis is sufficient for searching the steady roll rate about the short-term roll, 
the system may be unstable. To search for the trimmed configuration more 
precisely, the complete set of equations of equilibrium must be considered. 
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4 The one significant parametric design is aeroelastic tailoring, which is known as 
the important factor to improve the aeroelastic instability. The influence of 
bending-torsion coupling is investigated in Sections 6.1.6 and 6.2.6, but the 
approach is to involve the elastic coupling by varying the bending-torsion stiffness 
artificially. To evaluate the real cases, the suitable materials and layup designs 
should be considered to influence the aeroelastic tailoring in the wing design 
[115], and turns to check how the elastic coupling affects the aeroelastic 
phenomena. Note that sweeping a wing is another way to involve bending-torsion 
coupling. Indeed, all the approaches in this dissertation should be applied to the 
swept wing model [118] immediately, since most of modern aircrafts have swept 
wings. 
5 To investigate the aircraft with low-aspect-ratio wings requires adding chordwise 
flexibility of the wings, and turns to require the aerodynamics account for the 
camber changes. In addition, to simulate the more realistic wings for fighter 
aircrafts, beam models may not be suitable to describe the structural 
characteristics, and plate and shell models should be taken into account. Again, 
the improvement of the aeroelastic models is undoubtedly the most urgent work. 
6 Most of the approaches to the aeroelastic phenomena here focus on the static 
analyses. Although the trim of aircraft belongs to the dynamic analyses in 
DYMORE, searching for the steady roll rate is the objective in this dissertation. It 
is obviously a good idea to also investigate the dynamic behavior of the rolling 
aircraft during the post-reversal regime, such as the roll acceleration. Indeed, the 
results for dynamic behavior may have important implications for development of 
highly maneuverable fighter aircraft. 
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7 The work can also be extended to the investigation of smart materials and active 
actuation system for trailing-edge control surface. The required power for the 
actuation system can be dramatically reduced, since such a higher (negative) lift 
can be generated through small aileron deflection during the post-reversal regime. 
This may result in weight and fuel saving, and tends to save the cost. 
8 The wing cross-sectional distortion can be taken into account in further study. To 
reach a level of cross-section deformation sufficiently large to measurably affect 
aerodynamic coefficients, special efforts must be undertaken to design the wing 
section for such deformation. An example of such a design is the chiral cellular 
materials discussed in [106]. 
9 Since both structural and aerodynamic nonlinearities are involved in this research, 
the traditional approaches [35, 36] with linear analysis to enhance roll maneuvers 
of an aircraft could be readdressed in the future. For example, the approaches 
about stiffening the wing structures without the weight penalty by structural 
designers. 
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APPENDIX 
 
Appendix A. XFOIL 6.9 
 
A.1 General Description 
XFOIL 1.0 is written by Mark Drela in 1986. It is an interactive program for the 
design and analysis of subsonic isolated airfoils. The main goal is to combine the speed 
and accuracy of high-order panel methods with the new fully-coupled viscous/inviscid 
interaction method used in the ISES code developed by Drela and Giles. The ISES code 
uses the steady Euler equations in integral form to represent the inviscid flow, and a 
compressible lag-dissipation integral method to represent the boundary layers and wakes. 
The viscous and inviscid flows are fully coupled through the displacement thickness. The 
design capabilities of ISES code were described in Drela [32] and in Giles and Drela [40]. 
 
A.2 Inviscid Formulation 
The inviscid formulation of XFOIL is a simple linear-vorticity stream function 
panel method. A finite trailing edge base thickness is modeled with a source panel.  The 
equations are closed with an explicit Kutta condition. A high-resolution inviscid 
calculation with the default 160 panels requires seconds to execute on a RISC 
workstation. Subsequent operating points for the same airfoil but different angles of 
attack are obtained nearly instantly. 
A Karman-Tsien compressibility correction [4] is incorporated, allowing good 
compressible predictions all the way to sonic conditions. The theoretical foundation of 
the Karman-Tsien correction breaks down in supersonic flow, and as a result accuracy 
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rapidly degrades as the transonic regime is entered. Of course, flows with shocks cannot 
be predicted with any certainty. 
 
 
A.3 Inverse Formulation 
There are two types of inverse methods incorporated in XFOIL, which are Full-
Inverse and Mixed-Inverse. The Full-Inverse formulation is essentially Lighthill's and 
van Ingen's complex mapping method [32], which is also used in the Eppler code and 
Selig's PROFOIL code. It calculates the entire airfoil geometry from the entire surface 
velocity distribution. The Mixed-Inverse formulation is simply the inviscid panel 
formulation (the discrete governing equations are identical) except that instead of the 
panel vortex strengths being the unknowns, the panel node coordinates are treated as 
unknowns wherever the surface velocity is prescribed. Allowing the panel geometry to be 
a variable results in a nonlinear problem, but this is solved in a straightforward manner 
with a full-Newton method [40]. 
 
A.4 Viscous Formulation 
The boundary layers and wake are described with a two-equation lagged 
dissipation integral boundary-layer formulation and an envelope en transition criterion 
[33]. The entire viscous solution (boundary layers and wake) is strongly interacted with 
the incompressible potential flow via the surface transpiration model. This permits proper 
calculation of limited separation regions. The drag is determined from the wake 
momentum thickness far downstream. A special treatment is used for a blunt trailing edge 
which fairly accurately accounts for base drag.   
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The total velocity at each point on the airfoil surface and wake, with contributions 
from the freestream, the airfoil surface vorticity, and the equivalent viscous source 
distribution, is obtained from the panel solution with the Karman-Tsien correction [4] 
added.  This is incorporated into the viscous equations, yielding a nonlinear elliptic 
system which is readily solved by a full-Newton method. Execution times are quite rapid. 
For a sequence of closely spaced angles of attack, the calculation time per point can be 
substantially smaller. 
If lift is specified, then the wake trajectory for a viscous calculation is taken from 
an inviscid solution at the specified lift. If the angle of attack α is specified, then the wake 
trajectory is taken from an inviscid solution at that value of α. This is not strictly correct, 
since viscous effects will in general decrease lift and change the trajectory. This 
secondary correction is not performed, since a new source influence matrix would have to 
be calculated each time the wake trajectory is changed. This would result in unreasonably 
long calculation times. The effect of this approximation on the overall accuracy is small, 
and will be felt mainly near or past stall, where accuracy tends to degrade anyway. In 
attached cases, the effect of the incorrect wake trajectory is imperceptible. 
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Appendix B. DYMORE: A Finite Element Based Tool for the Analysis of 
Nonlinear Flexible Multibody Systems 
 
   Multibody dynamics analysis is originally developed as a tool for modeling 
mechanisms with simple tree-like topologies composed of rigid bodies, but has 
considerably evolved to the point where it can handle nonlinear flexible systems with 
arbitrary topologies. It is now widely used as a fundamental design tool in many areas of 
mechanical engineering. For example, in the automotive industry multibody dynamics 
analysis is routinely used for optimizing vehicle ride qualities, a complex 
multidisciplinary task that involves the simulation of many different sub-components. 
Modern multibody codes can deal with complex mechanisms of arbitrary topologies 
including sensors, actuators and controls, are interfaced with CAD solid modeling 
programs that allow directly importing the problem geometry, and have sophisticated 
graphics, animation and post-processing features [2, 77, 97]. The success of multibody 
dynamics analysis tools stems from their flexibility: a given mechanism can be modeled 
by an idealization process that identifies the mechanism components from within a large 
library of elements implemented in the code. Each element provides a basic functional 
building block, for example a rigid or flexible member, a hinge, a motor, etc. Assembling 
the various elements, it is then possible to construct a mathematical description of the 
mechanism with the required level of accuracy. 
   Multibody systems fall into the following categories 
1. Rigid multibody systems consist of an assemblage of rigid bodies in arbitrary motion 
with respect to each other. Various efficient formulations have been developed for 
the modeling of such systems [2, 77]. 
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2. Linear elastic multibody systems consist of an assemblage of elastic bodies in 
arbitrary motion with respect to each other. However, it is assumed that the “elastic 
displacements and rotations” remain very small at all times. The elastic 
displacements and rotations of an elastic body are those viewed by an observer 
confined to a material frame attached to the elastic body. Here again, numerous 
formulations have been proposed for the dynamic analysis of such systems [101]. 
More often than not, the elastic behavior of the bodies is represented in an 
approximate manner by an expansion in terms of representative deformation mode 
shapes, such as the eigenmodes of the elastic body, for instance. 
3. Nonlinear elastic multibody systems consist of an assemblage of nonlinear elastic 
bodies in arbitrary motion with respect to each other. In such systems, the elastic 
displacements and rotations cannot assume to remain small at all times, i.e. the 
elastic behavior is inherently nonlinear. In this regime, the representation of elastic 
deformations through modal expansion becomes questionable [12], and the accuracy 
of the procedure cannot be guaranteed. The finite element approach appears to 
provide a solid basis for the dynamic analysis of such systems [22, 23]. 
   DYMORE is a finite element based tool for the analysis of nonlinear elastic 
multibody systems. Despite its generality and flexibility, multibody dynamics analysis is 
not yet widely used when dealing with nonlinear elastic systems. Historically, the 
classical approach to the analysis of these systems has been the modal reduction approach, 
despite its shortcomings. The equations of motion are derived for the specific 
configuration of the system at hand, and ordering schemes used to decrease the number 
of nonlinear terms. If more detailed models of the system are needed to improve accuracy 
or account for various design complexities, new equations of motion are re-derived. In 
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fact, various codes have been derived for the analysis of specific machines. For example, 
rotorcraft manufacturers have developed in-house codes that are geared towards the 
modeling of the specific configuration of rotorcraft they produce. Different codes are 
developed for the analysis of windmills or satellites with flexible appendages. This 
approach severely limits the generality and flexibility of the resulting codes. Developing 
a new simulation tool for each novel configuration of a specific system is a daunting task, 
and software validation is an even more difficult issue. Furthermore, the requirement for 
ever more accurate predictions calls for increasingly detailed and comprehensive models. 
   Clearly, a more general and flexible paradigm for modeling of nonlinear elastic 
multibody systems is needed. In particular, the ability to model novel configurations of 
arbitrary topology through the assembly of basic components chosen from an extensive 
library of elements is highly desirable. In fact, this approach is at the heart of the finite 
element method which has enjoyed, for this very reason, an explosive growth in the last 
few decades. This analysis concept leads to new comprehensive simulation software tools 
that are modular and expandable. Modularity implies that all the basic building blocks 
can be validated independently, easing the more challenging task of validating complete 
simulation procedures. Because they are applicable to configurations with arbitrary 
topologies, including those not yet foreseen, such simulation tools will enjoy a longer life 
span, a critical requirement for any complex software tool. 
   As an example of this approach, Figure A.1 depicts the conceptual representation of a 
rotorcraft system as a flexible multibody system. The various mechanical components of 
the system are associated with the elements found in the library of typical multibody 
analysis tools. 
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Figure A.1: Detailed multibody representation of a rotor system. At right, a typical 
articulated blade. At left, a bearingless blade design. 
 
The picture shows a classical configuration for the control chain, consisting of a 
swash-plate with rotating and non-rotating components. The lower swash-plate motion is 
controlled by actuators that provide the vertical and angular control inputs. The upper 
swash-plate is connected to the rotor shaft through a scissors-like mechanism, and 
controls the blade pitching motions through pitch-links. This familiar control linkage 
configuration can be modeled using the following elements: rigid bodies, used to model 
the lower and upper swash-plate components and scissors links, and beams for modeling 
the flexible shaft and pitch-link. These bodies are connected through standard mechanical 
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joints: a hinge, called a revolute joint in the terminology of multibody dynamics [2, 77], 
connects the upper and lower swash-plates, allowing the former to rotate at the shaft 
angular velocity while the latter is non-rotating. Revolute joints also connect the scissors 
links to each other and to the upper swash-plate, thereby synchronizing the shaft and 
upper swash-plate. Other types of joints are required for the model. For example, the 
lower swash-plate is allowed to tilt with respect to an element that slides along the shaft, 
but does not rotate about the shaft direction. The universal joint, a sequence of two 
revolute joints whose mutually orthogonal axes of rotation lie in a common plane, serves 
this purpose. Similarly, the pitch-link is connected to the pitch-horn by means of a 
spherical joint that allows the connected components to be at an arbitrary orientation with 
respect to each other. 
   Figure A.1 also shows two different rotor configurations: a classical, fully articulated 
design on the right and a bearingless design on the left. The articulated blade is connected 
to the hub through three revolute joints, which model the flap, lag and pitch hinges. 
Possible offsets between these joints could be modeled by means of rigid or flexible 
bodies. The blade itself is modeled by an appropriate beam element that should account 
for the inertial and elastic couplings that arise from the use of composite materials [13]. 
The bearingless design is a multiple load path configuration, involving a flex-beam and a 
torsion cuff assembled in parallel and connected by a snubber. It is important to note that 
the two designs, fully articulated or bearingless, can be modeled by assembling different 
sets of elements from the multibody library of elements. There is no need to derive and 
validate two different sets of equations for the two configurations. Of course, the level of 
detail presented in Figure A.1 is not always needed: some of the control chain 
components could be omitted, and the blade could be represented by rigid bodies rather 
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than beam elements, if a crude model is desired. 
   DYMORE implements a finite element based multibody dynamics analysis of 
nonlinear elastic multibody systems. The proposed approach provides the level of 
generality and flexibility required to solve complex problems such as those described in 
the above conceptual examples. The multibody dynamics analysis is cast within the 
framework of nonlinear finite element methods, and the element library includes rigid 
and deformable bodies as well as joint elements. Deformable bodies are modeled with the 
finite element method, in contrast with the classical approach to multibody dynamics, 
which predominantly relies on rigid bodies or introduces flexibility by means of a modal 
representation [97, 101]. With today’s advances in computer hardware, very inexpensive 
PC’s provide enough computational power to run full finite element models of complex, 
nonlinear elastic systems. Hence, resorting to modal reduction in order to save CPU time 
is no longer a valid argument, especially when considering the possible loss of accuracy 
associated with this reduction [12]. 
   In the proposed approach, the formulations of beams and shells are geometrically 
exact, i.e. they account for arbitrarily large displacements and finite rotations, but are 
limited to small strains. The equations of equilibrium are written in a Cartesian inertial 
frame. Constraints are modeled using the Lagrange multiplier technique. This leads to 
systems of equations that are highly sparse, although not of minimal size. This approach 
can treat arbitrarily complex topologies. Furthermore, because it is an extension of the 
finite element method to multibody systems, the algorithms such as sparse solvers, and 
data structures developed for FEM analyses are directly applicable to the present 
approach. 
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